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In this thesis, I deploy sets of electrodes into microbial fuel cells (MFC), characterize their 
performance, and evaluate the influence of both platinum catalysts and carbon-based electrodes 
on current production. The platinum work centers on improving current production by 
optimizing the use of the catalyst using nano-fabrication techniques. The carbon-electrode work 
seeks to determine the influence of the bare electrode on biofilm-anode current production.  
 
The development of electrodes for MFCs has boomed over the past decade, however, 
experiments aimed at identifying how catalyst deposition methods and electrode properties 
influence current production have been limited. The research conducted here is an attempt to 
expand this knowledge base for platinum catalysts and carbon electrodes. In the initial chapters 
(4 and 5), I discuss our attempt to decrease catalyst loadings while increasing current production 
through the use of platinum nanoparticles. The results demonstrate that incorporating platinum 
nanoparticles throughout the anode and cathode is an efficient means of increasing MFC current 
production relative to surface deposition because it increases catalyst surface area.  
 
The later chapters (chapters 6 and 7) develop an understanding of the importance of electrode 
properties (i.e. surface area, activation resistance, conductivity, surface morphology) by 
electrochemically evaluating well-studied anode-respiring pure cultures on different carbon 
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electrode architectures. Two different architectures are produced by using tubular and platelet 
shaped constituent materials (i.e. carbon fibers and graphene nanoplatelets) and the 
morphologies of the electrodes are varied by altering the size of the constituent material.  
  
The electrodes are characterized and evaluated in MFCs using either Shewanella oneidensis MR-
1 or Geobacter sulfurreducens as the innoculant because their bioelectrochemical physiologies 
are the most documented in the literature. Using the electrochemical results, the electrode 
characterizations and previous studies on their physiology I am able to extrapolate that it is the 
difference in the electrode morphology that significantly alters current production. For the 
carbon fiber, smaller constituent materials create a tighter mesh and spacing that is more 
amenable to biofilm colonization and increases current production. In the second experiment, the 
larger graphene-nanoplatelet constituents provided a morphology that better promoted biofilm-
growth, after the initial colonization, which enabled significantly higher current production.  
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 1 
1.0  INTRODUCTION 
Using bacterial biofilms as catalysts to convert our waste into electricity is an attempt to 
tap into a natural wastewater-energy nexus to produce both clean energy and clean water. A 
microbial fuel cell (MFCs) is a technology used to harness this process because wastewater often 
contains more energy than is used to treat it. As a result, improving MFC technology to generate 
electricity via the degradation of our organic waste, could decrease our energy costs for treating 
wastewater (i.e. less aeration in wastewater treatment), transform a waste stream into an energy 
feedstock and convert a wastewater treatment plant into a net energy producer. This would 
fundamentally change the sector currently responsible for 2% of our national energy 
consumption.1 
While the current state of the art for MFCs is insufficient for wastewater treatment 
applications, the benefits of improving our fundamental understanding of biofilm-anodes expand 
well beyond MFC development. The interaction between electricity producing biofilms and 
electrodes will allow researches from various fields such as material science, chemistry, 
biophysics, and environmental engineering to extrapolate these concepts to improve other 
biotechnologies (i.e. environmental sensing, remote power generation, and bioremediation) all of 
which are crucial to the future of water quality monitoring and treatment. 
 
 
 2 
Two of the main research objectives associated with the development of MFCs are 
increasing current production and understanding the influence of the bare electrode on the 
biofilm-electrode interface. In this thesis, I focus on increasing the efficient use of a metal 
catalyst using nanofabrication methods and on understanding what aspects of the bare carbon 
electrode are most important for biofilm-electrode current production.  For the catalyst, I chose 
platinum as a catalyst because it is a common fuel cell catalyst and it has been characterized 
sufficiently (i.e. well defined cyclic voltammograms, catalyst poisons are known). While it is 
impractical from a cost perspective save for space missions, the following studies and fabrication 
methods can serve as a foundation for future aimed at understanding the role of a metal catalyst 
in an MFC electrode or as a framework for optimizing inexpensive alternatives.  
I employ different deposition methods (e.g. e-beam evaporation, adsorption and 
sublimation, co-deposition) to load platinum onto the electrode in order to determine what 
aspects of the catalyst (location, thickness, and surface area) are most important for current 
production from the biofilm-anode and the cathode. I use material characterization methods to 
confirm the nature of our deposits and evaluate the electrodes in MFCs. When the effect of 
changing the thickness of the surface deposited platinum is shown to be negligible the focus 
shifts to efficiently increasing the surface area of platinum through the use of nanoparticles 
incorporated throughout the electrode. The metric used to determine whether I am increasing the 
efficient use of the catalyst is the mass-specific current density (current/mg of Pt).   
In order to understand what aspects (i.e. surface area, activation resistance, conductivity, 
surface morphology) of the bare electrode are most important for biofilm-anode current 
production I use carbon-based electrodes whose constituent material sizes could be modified. 
Carbon is chosen because it is relatively abundant, is inexpensive, has many phases, is generally 
 3 
non-toxic and can be manipulated to have different surface areas. Being able to adjust the size of 
the constituent material is important because it allows one to start engineering the electrode. 
However, it is important to note that changing the size of the constituent material often results in 
changes to the electrode surface area, electron transfer kinetics, electrode conductivity, and 
electrode surface morphology. The challenge of isolating the effects of each of these parameters 
on biofilm-anode current production is compounded by the fact that the physiologies of the 
bacteria that form the biofilm are not completely understood and that the complexity of a 
biofilm’s physiological profile increases with increasingly mixed communities. I address these 
challenges by using dissimiliatory-metal-reducing bacteria whose physiologies have been 
extensively studied in bioelectrochemical systems such as microbial fuel cells. I chose 
Shewanella oneidensis MR-1 and Geobacter sulfurreducens because the nature of their electron 
transfer mechanisms to electrodes are well documented in the literature and the numerous studies 
on their physiology in bioelectrochemical systems provide an insight into the formation and 
health of the biofilm-anode. Along with electrochemical techniques (i.e. amperometry and cyclic 
voltammetry) and experimental designs that take into account biofilm kinetics, 
bioelectrochemistry, and the physiology of the respective strain this is important to 
understanding how the electrode is interfacing with the biofilm and influencing the current 
production from the biofilm-anode.    
   
 4 
1.1 WHAT IS A MICROBIAL FUEL CELL? 
Microbial fuel cells are devices that convert chemical energy to electrical energy using the 
metabolisms of bacteria as catalysts. The reactor is often divided by a proton exchange 
membrane into two compartments, the anode and cathode compartments containing the anode 
and cathode electrodes respectively. As substrate (i.e. organic biodegradable matter) is fed into 
the anode compartment bacteria (typically set in a biofilm) oxidize the substrate. In the absence 
of soluble thermodynamically favorable electron acceptors (i.e. oxygen, nitrate, sulfate) electrons 
are transferred to the anode via a protein-based electron transport chain. Essentially the bacteria 
are performing respiration on a solid conductor. These bacteria are collectively known as 
Electrochemically Active Bacteria (EAB) , Electricigens, or Anode-Respiring Bacteria (ARB).  
 
 
Figure 1. Microbial Fuel Cell schematic showing the biofilm-anode (left), and the cathode (right).2 
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The initial discovery of this bio-electrochemical phenomenon by James Potter took place 
in 1911. 3 He monitored the electrical effects associated with fermentation by constructing a 
galvanic cell based on platinum wires and a pure culture of yeast. He measured the potential 
difference and discovered the first bio-based battery.  The bio-electrochemical concept was 
presented again in the literature in 1931 by Cohen who was able to generate 35 volts but only 
2mA with his reactors.4 The study of this phenomenon then cycled with scientific breakthroughs 
and technology demand. For example, advances in battery science and NASA’s goal of waste to 
energy production for space missions spurred research during the 1960s. 5 The concept attracted 
some interest in the 1970s6-7 but faded as the costs of fossil fuel based energy decreased 
dramatically. In the 1980’s and early 90’s H.P. Benetto reignited MFC research as a way to 
produce energy in developing countries8-11. Research was fairly small scale until the late 90’s 
saw a surge in MFC research as the issues of climate change and energy came into focus. Since 
then there has been a major convergence of various disciplines in MFC research; namely 
material science, environmental engineering, electrical engineering, biophysics, microbial 
physiology, genetics and electrochemistry. Contributions from scientists and engineers of all 
backgrounds have pushed the knowledge base and made the study of MFCs a truly 
interdisciplinary endeavor.  
 
 6 
1.2 TECHNOLOGY PERSPECTIVE 
Oftentimes MFCs are compared to hydrogen fuel cells which are ubiquitous in the literature. 
And while it is easy to see that current densities for hydrogen fuel cells are 2-3 orders of 
magnitude greater than those produced by MFCs 12 it is also important to note that the two 
technologies differ greatly in operating conditions and applications 13-14. MFCs operate at 
ambient temperature and pressure and utilize a variety of substrates as their fuel source. As a 
result, MFCs are more versatile and can better serve to convert our wastewater, which contains 
energy equivalent to ~2% of total US electricity demand, to electricity 1, 15 .  
 
Recent reports suggest that creating an MFC with a consistent power output of 1 kW/m3 
(volume of the reactor) would allow the technology to be economically viable for wastewater 
treatment application 14, 16.  A quick comparison would show that deployed waste-to-energy 
technologies such as converting methane gas from an anaerobic digester to electricity via 
combustion, assuming 40% conversion efficiency, produces 1.5kW /m3 of reactor per kg COD 
removed. 16-17. Given relatively equal power outputs the competitive advantage will be given to 
the technology with a lower implementation/capital costs. Therefore understanding the role that 
materials play in the performance of MFCs is critical for MFC development and for scaling up 
operations 18 that will be both economically viable and competitive.  
Finally, understanding the effect of catalyst/electrode architectures on biofilm-electrode 
interactions will provide a framework to evaluate novel materials and or deposition methods. 
This fundamental research is not only essential for improving MFC performance but also has 
implications for the development of biotechnologies in medicine, bioremediation, and water 
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quality.  The biofilm-electrode may also serve as a tool to enhance our understanding of 
fundamental phenomena in microbiology, biophysics, electronics, and bio-electrochemistry. 
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2.0  BACKGROUND 
2.1 FUEL CELL ELECTROCHEMISTRY 
2.1.1 Overpotentials 
The deployment of MFCs is hindered by low power generation. These low current densities 
restrain the technology from being economically viable. The low current densities are due mainly 
to the internal resistance of the reactors. This internal resistance can be defined as the collective 
resistance experienced as electrons and protons travel from substrate, through the fuel cell to the 
terminal electron acceptor 14. This internal resistance can be graphically explained via the 
polarization curve ( I-V curve) in the following figure. 
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Figure 2. Polarization curve used to illustrate the typical potential losses in a fuel cell. Potential losses 
can be calculated by subtracting the upper (upper line) and lower (bottom line) bounds straddling each 
region. The three main designations given to the resistances in an electrolytic cell are activation 
overtpotential,  ohmic losses/drop ,and  mass transfer overpotential. 
Potential losses in a MFC collectively make up the internal resistance.19 In an electrolytic 
cell they are often described as overpotentials while in a fuel cell one can simply refer to them as 
resistances (i.e. the activation resistance, the ohmic resistance, and the mass transfer 
resistance).20 The activation resistance describes the energy barrier encountered during an 
electron transfer to the electrode. This is the same activation energy barrier used to describe 
electron transfer in basic chemical reactions. The ohmic resistance describes the resistivity of the 
electrolyte and of the physical elements of the fuel cell (e.g. electrodes). Ohmic resistances are 
derived from the inherent properties of the fuel cell materials and their design. The mass transfer 
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resistance describes the resistance imposed upon the fuel cell at high current densities. As the 
fuel/substrate diffuses toward the electrode there is a reaction rate at which the mass transport of 
the fuel/substrate cannot keep up with the rate at which it is being consumed at the electrode. 
This resistance, derived from the concentration of the electrolyte and its diffusivity, is generally 
described as the mass transfer resistance.  
2.1.2 The Effect of Catalysts on Electron Transfer 
Catalysts, typically bound on the electrode, are used to reduce the activation resistance 
experienced by electrons during electron transfer to or from the electrode. Catalysts are used for 
both anodic and cathodic reactions. A catalyst typically reduces the activation energy barrier for 
electron transfer by enabling a more efficient reaction setup, electron transfer, and reaction 
termination (e.g. dissociation of the target molecule, increased formation of reactive species, 
increased coordination between donor and acceptor). Typically, catalysts increase reaction rates 
by addressing the rate-limiting step and increasing the availability of a catalyst may increase the 
reaction rate. Though catalysts are not consumed in the reaction they can undergo poisoning 
when its reactive sites bond with another compound and prevent it from reacting with the target 
substrate. Catalysts are also subject to physical stresses that may remove it from the electrode.  
  
2.1.3 The Effect of Electrode Properties on Electrochemical Reactions 
The rate of a basic electrochemical reaction on a bare electrode (i.e. without a catalyst) will be 
influenced by the electron transfer kinetics between the target compound and the electrode, the 
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total available reactive surface area of the electrode and the conductivity of the electrode. Some 
electrode materials are able to catalyze reactions and reduce the activation resistance for electron 
transfer while most increase performance by increasing the total available reactive surface area. 
In MFCs, carbon-based electrodes are often used and performance enhancements have been 
largely attributed to the increase in surface area (e.g. carbon nanotubes, graphene). As for 
conductivity, it is largely determined by the density of the material. The conductivity of an 
electrode is a function of areal wt (i.e. mass/geometric area) so that a larger areal weight will 
increase the conductivity of the electrode and reduce the ohmic resistance. 
  
2.2 MICROBIAL FUEL CELL BACTERIA 
2.2.1  Substrates and Strains  
Understanding and determining the flow of electrons from substrate to bacterium to anode 
requires information about a cell’s physiology and energetics. These can vary for each bacterial 
strain. As bacterial communities diversify, which is the case in the majority of environmental 
contexts, quantifying the flux of electrons is increasingly difficult because of competition 
amongst bacteria, electron sinks (methanogens), and poorly quantified mechanisms. The ability 
of bacteria to generate electricity from a variety of substrates adds to the complexity especially 
since researchers have generated power using fermentable and non-fermentable substrates, a 
variety of bacterial strains and mixed communities 21. As a result, the community dynamics of a 
biofilm make it increasingly difficult to measure and model electron flux and electrochemical 
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reactions.  Consequently, efforts to qualify the effect of community structure on MFC 
performance or use well-studied pure cultures in MFC experiments are becoming increasingly 
important 22-23 .  
 
 
 
2.3 EXTERNAL ELECTRON TRANSFER (EET) MECHANISMS 
2.3.1 Direct Electron Transfer  
Direct electron transfer assumes that bacteria arrange their outer membranes to be adjacent and 
physically connected to the anode electrode 24. The fundamental assumption here is that the 
proximity of the bacteria to the electrode is necessary for electron transfer. Some have suggested 
that this mechanism is impractical for describing all anode reactions because MFC biofilms were 
shown to sustain bacteria more than 10 μm from the electrode 25 and that this EET model could 
not kinetically account for the high current densities (i.e. 10A/m2) reported by the literature. 25  
 
2.3.2 Mediated Electron Transfer 
Mediated electron transfer, which has been documented in various papers 26-28, occurs when 
bacteria use chemical redox mediators to transfer electrons. In short, bacteria would reduce a 
mediator (i.e.  thionine, methyl viologen, methyl blue, humic acid, neutral red) 29-30 which 
diffuses to the anode, is oxidized, and then diffuses back to the cell to be reduced. Newman and 
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Kolter demonstrated this for the pure culture of Shewanella oneidensis 31.  Another study 
suggested that some bacteria are able to use mediators produced by foreign bacteria to transfer 
electrons. 32  The key to this mechanism is that you have a soluble mediator diffusing back and 
forth between bacteria and electrode. Given this EET model, the main limitations for electricity 
production would be the concentration of the mediators and the mass transport resistance that 
would be experienced at high current densities. However, while it has been proven that this is a 
valid EET model it also does not kinetically account for the high current densities reported in the 
literature.  
 
2.3.3 Conduction-based Electron Transfer 
Conduction-based electron transfer implies that bacteria are able to conduct electrons to the 
anode via the biofilm matrix 33. A cursory review suggests that bacteria are able to do this via a 
network of bionanowires 34-41 or sequestered riboflavins 27. Technically, conduction based 
transfer could use the same mechanisms used in mediated transfer however the mediators would 
be fixed and conjugated in the biofilm. Richter et al. demonstrated that Geobacter 
sulfurreducens  used a conductive network of non-diffusing intermediates to transfer electrons to 
the anode 42. Research is currently addressing how complex bacterial networks are able to 
transfer electrons in biofilms that can be as thick as 80µm 25 but the more important aspect is that 
the conduction-based electron transfer model has thus far been the basis for understanding the 
biofilm-anode and that it kinetically accounts for the highest current densities reported in the 
literature.  25 
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2.4 BIOFILM-ANODE 
 In an MFC the biofilm-anode provides the framework for conversion of a chemical substrate to 
electricity. The biofilm metabolizes the substrate and transfers the resulting electrons to the 
anode via a series of protein-based redox reactions. The amount of electricity actually generated 
from these reactions depends on the efficiency with which a bacterium’s outer membrane 
proteins or cytochromes transfer electrons to the anode. This efficiency is affected by 1) the 
metabolic efficiency of the bacteria metabolism and its electron transport chain and 2) the 
activation resistance between the electron transport chain and the anode. Although genetic 
engineering may improve the metabolic efficiency of the electron transport chain, it cannot 
optimize the anode, the terminal electron acceptor within the biofilm-anode. However, the 
activation resistance experienced in the terminal electron transfer could be improved by 
engineering a better connection between the electron transport chain and the anode through the 
use of a catalyst or a modified electrode. This is supported by the fact that protein-protein 
interactions have evolved to be efficient but protein-electrode interactions continue to be 
understood and developed. 43-45.   
 
MFC research can often focus on one aspect of the biofilm-anode (the biofilm or the 
electrode) leaving the other much less developed. As researchers continue to understand both the 
microbiological and electrochemical aspects of the biofilm-anode it is important to capitalize on 
these developments simultaneously. For example, in a pure culture details about the bacterial 
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metabolism help to evaluate the substrate conversion efficiency and the nature of its electron 
transport chain given a specific electron acceptor. At the same time an in-depth characterization 
of the electrode (i.e. catalyst and or base electrode) enables one to thoroughly evaluate electron 
transfer efficiency from the electron transport chain to the anode using electrochemical 
techniques such a cyclic voltammetry. The field would benefit a great deal by combining pure 
cultures that have been well-characterized in a bioelectrochemical context with well designed 
electrodes in experiments.  
  
2.5 APPLICATION OF MODIFIED ELECTRODES TO IMPROVE MICROBIAL 
FUEL CELL PERFORMANCE  
  
In an attempt to use modified electrodes to improve MFC performance it is useful to think of the 
biofilm-anode as a tri-composite material. The electrode and catalyst form the initial composite 
and the anode respiring biofilm, which adds the biological material, acts as the final extension of 
the electrode. Given this schematic, it is easy to see that the electrode/catalyst materials might 
significantly influence electron transfer kinetics, ohmic resistance, mass transport resistance and 
biofilm colonization.  These all have consequences for electricity production and in the case of 
the biofilm-anode, the long term growth and maintenance of the biofilm. 
 
Catalyst and electrode materials such as conductive polymers, porphyrins, and non-noble 
metals have been used to improve current production in MFCs. 46 Further review shows that 
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most of the electrodes that have been used in MFCs to date were carbon based and have enabled 
some of the highest current densities in the literature. While many experiments have used various 
electrodes of different geometry and compositions in MFCs over the past 20 years 47-50, fewer 
have taken advantage of new nanofabrication and characterization techniques to focus on which 
specific catalyst and electrode properties (e.g. location of the catalyst, amount of catalyst, surface 
area of the catalyst and the electrode, electrode conductivity, electrode surface morphology) to 
improve MFC current production. These new nano-techniques present the ability to tailor 
electrode properties for more focused experiments.   
 
For example, metals, such as platinum (Pt), have been used in MFCs to increase current 
densities. However, it is difficult to determine whether electrode fabrication should focus on 
increasing surface coverage, surface area to volume ratio, Pt layer thickness or electrode 
conductivity. Certainly, understanding how a well known catalyst like Pt or carbon-based 
electrodes affects performance will provide a foundation for the development of novel and 
innovative MFC electrodes48, 51-54 using the host of other materials49, 52-59 that have been shown 
to influence performance.  
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3.0  SCOPE AND OBJECTIVES 
Many articles in the literature suggest that the use of catalysts and modified electrodes would 
improve current density by using a catalyst to decrease the activation resistance or modifying the 
electrode material to increase surface area. The research conducted and described below is an 
attempt to optimize the use of a platinum catalyst using nanofabrication methods and to 
determine which carbon electrode properties (i.e. surface area, activation resistance, electrode 
conductivity, electrode surface morphology) most influence MFC current production. The 
question to be answered is how does one efficiently use a catalyst in MFC electrodes and which 
aspects of the bare electrode significantly influence the current output of MFCs. While the initial 
experiments focus on the evaluating novel nanoparticle-based deposition methods to decrease 
platinum loading while increasing current density, the latter experiments seek to compliment the 
research by designing experiments aimed at identifying which properties (i.e. surface area, 
activation resistance, electrode conductivity, surface morphology) of the carbon electrode enable 
high current production from the biofilm-anode. The scope of the dissertation research is limited 
to a study of a platinum catalyst and carbon-based electrodes. The two main objectives were to: 
1.) Employ nanofabrication methods (e.g. e-beam deposition, co-deposition of  
nanoparticles) to vary platinum deposition onto electrodes and evaluate how they 
increase the mass specific current density (Amps/mg Pt) of platinum in MFCs. 
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2.) Determine which properties (i.e. surface area, activation resistance, electrode 
conductivity, and surface morphology) of the carbon electrodes most significantly 
enable high current production from a biofilm- anode using Shewanella oneidensis 
MR-1 and Geobacter sulfurreducens. 
3.1 PRELIMINARY EVALUATION OF PLATINUM LOADING 
Depositing a layer of Pt onto a surface could effectively change that material surface into Pt. 
Therefore, nanofabrication techniques that allow one to accurately control the thickness of 
deposited layers have the potential to maintain the reactivity of a surface while decreasing the 
amount of material used. Using electron-beam evaporation provides this option for platinum 
deposition and presents an opportunity to increase MFC current production while reducing 
capital costs. A preliminary evaluation using the materials and methods described in previous 
work48 showed that as the thickness of the platinum layer decreased from 1000 Å to 500 Å and 
250 Å the performance differences were negligible (see Figure 3.). This demonstrated, in the 
context of MFCs, that pure surface deposition and engineering the platinum thickness would not 
improve mass specific current density (amps/mg Pt) significantly. This was surprising given that 
hydrogen fuel cells use a similar range of Pt loadings (i.e. 0.05mg/cm2 to 0.4mg/cm2) and are 
able to produce current densities 2-3 orders of magnitude greater than that reported in microbial 
fuel cells. As a result, the focus of our work shifted toward the use of nanofabrication methods 
that would increase the catalyst surface area.  
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Figure 3. Preliminary evaluation of the effect of platinum thickness on current density. Platinum was 
deposited via electron-beam evaporation and was tested according to methods in Park et al.48 
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4.0  EVALUATING THE EFFECT OF INCREASING PLATINUM SURFACE AREA 
ON MFC CURRENT DENSITY BY INCOPORATING PT NANOPARTICLES INTO 
THE BIOFILM-ANODE AND MEASURING CURRENT PRODUCTION  
Given the preliminary evaluation of Pt loadings I hypothesized that incorporating platinum 
nanoparticles into the electrode would increase current density because of the increase in 
available surface area. Collaborating with Sungkyunkwan Advanced Institute of Nanotechnology 
at Sungkyunkwan University in Suwon, South Korea (SKKU) we focused on efficiently 
fabricating an electrode with platinum nanoparticles, validating its electrochemical performance, 
and testing the electrode in a MFC alongside the e-beam platinum electrode (1000 Å thickness) 
that was evaluated in the preliminary studies.  
4.1 SUMMARY 
We used a simple and efficient method of synthesizing highly electrocatalytic Pt 
nanoparticles on a carbon nanofiber mat. Platinum acetylacetonate (Pt(acac)2) molecules were 
adsorbed on functionalized carbon nanofibers and further reduced to Pt nanoparticles by 
diffusion-limited sublimation in a confined space. Pt nanoparticles were formed with sizes of 2.9 
± 0.4 nm and a loading yield of 100 %. Using electrochemical activation in the form of cyclic 
voltammetry we obtained high active surface area Pt nanoparticles and confirmed formation of 
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specific crystalline facets. The methanol oxidation current density per mg Pt of Pt-loaded carbon 
nanofiber sample was about 60 times as high as the commercially available (E-tek) sample and 
superior to other existing samples. We then used the Pt-loaded carbon nanofiber mat as the anode 
in a microbial fuel cell. The activated Pt nanoparticles are believed to mediate the electrons from 
the bacterial matrix to the carbon nanofiber mat. The electrochemically activated electrode 
showed a significantly higher current density (0.6 A/m2) than the untreated sample and higher 
than an e-beam deposited Pt/Toray carbon paper that was previously tested showing that the 
increase in the reactive surface area of platinum using our methods increases MFC current 
density. An additional benefit to the method described here is that the long-term stability at the 
reported current was four times (150 hours) longer than the reported values. We believe that this 
method can be practically applied to load the organometallic compound-based catalyst on 
various carbon-based supports. 
 
4.2 INTRODUCTION 
In mediator-less microbial fuel cell systems, Pt has shown an ability to increase efficient 
electricity generation.60 However, preparing a catalyst with large surface area and high activity 
has been a critical barrier to development.61-62 There have been many well-known methods for 
loading Pt catalysts on powder supports in liquid phase such as stirring,61 sonochemistry,63-64 
supercritical liquid,65 and microwave treatment.66-68 Yet these methods have not been used in 
three-dimensional supports.  Typically, incorporation of an additional binder is required to form 
three-dimensionally structured supports for catalyst applications.61-62 As a consequence, the 
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advantages of both high porosity and good electrical conductivity of the supports have been 
obscured due to the presence of the binder. The most recent approaches for designing electrodes 
of three-dimensional scaffolds use TiO2/PVP fibers62, 69 and SiO2 nanoparticles as a glue between 
carbon particles.61 However, due to the high resistivity of the support, these approaches are not 
practical for applications which require highly conductive supports, for instance, in fuel cells. 
In another aspect, most of the methods for loading Pt nanoparticles on the support in 
solution-phase use linkers, protective agents, and reductants, by which the size, shape, and 
density of the nanoparticles can be controlled to improve the catalyst activity.63, 70-72  In such 
cases, the particle surfaces are often partially deactivated due to the remaining linkers and 
protective agents.63, 72 Thus, it is better to find another method that can activate the catalyst 
surface prior to the fabrication of the unit cell.  
The purpose of this experiment was threefold: i) to design a simple and efficient method 
for constructing uniformly distributed Pt nanoparticles on a carbon nanofiber (CNF) mat that has 
high electrical conductivity and porosity, ii) to activate surfaces of Pt nanoparticles and evaluate 
the electrochemical activity and mass-specific current density by examining methanol oxidation 
on the electrode and iii) to use this electrode to evaluate whether the increased surface area of 
platinum nanoparticles increases current density in MFCs.  
In our approach, the Pt(acac)2 was absorbed on an acid-treated electrospun polyimide 
based-CNF mat. The Pt-loaded CNF mat was then reduced into Pt nanoparticles of ~ 3 nm by 
heat treatment under Ar ambient in a confined space to preserve the sublimated Pt(acac)2 
molecules. Unlike the previous works,62-63, 69 no capping agent, reductant, or linker was used to 
control the size of Pt nanoparticles. Using a simple electrochemical cyclic scanning activation, a 
clean and fully activated surface of Pt nanoparticles was obtained. As a consequence, the mass-
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specific current density of methanol oxidation was increased to 1,838 mA/cm2/mg Pt from 846 
mA/cm2/mg Pt shown by the unactivated sample. We finally incorporated the Pt nanoparticle-
loaded CNF mat as an anode in a MFC. The electrode produced a significantly higher current 
density (0.6 A/m2) than previous experiments using platinum-based electrodes and had a long-
term stability of the current (150 hours). Most importantly, the mass-specific current density of 
the MFC anode using the Pt-loaded CNF mat was larger than (0.6A/mg Pt) the highest reported 
mass specific current density for e-beam platinum (0.4A/mgPt).48 
4.3 MATERIALS AND METHODS 
4.3.1 Synthesis of Pt-loaded carbon nanofiber mat 
The synthesis of poly(amic acid), electrospinning of the poly(amic acid) nanofiber mat, and the 
carbonization into carbon nanofiber mat were performed similar to a previous report.73 The 
carbon nanofiber mat was immersed in a 5 M H2SO4 solution for a week to generate oxygen-
related functional groups. The functionalized carbon nanofiber mat was washed with distilled 
water and dried in a vacuum oven at room temperature. Pt(acac)2 / acetone of 0.01 M was 
deposited onto the acid-treated carbon nanofiber mat. The amount of Pt initially loaded was 20 
wt% relative to the mass of the acid-treated carbon nanofiber mat. The Pt-loaded carbon 
nanofiber mat was then kept between two ceramic plates under a pressure of 4400 Pa and heated 
in a furnace under Ar gas ambient at 300 oC for 30 minutes.  
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4.3.2 Electrochemical activation of Pt nanoparticles 
In order to activate the Pt nanoparticles, the Pt-loaded carbon nanofiber mat was directly 
immersed into a 0.1 M H2SO4 solution. A three-electrode cell with a Pt mesh counter electrode 
and a Ag/AgCl KCl saturated reference electrode was used to perform voltage scans. The voltage 
was scanned by cyclic voltammetry (Bio-Logic SA-Model VSP # 0073, France) from -0.23 to +1 
V with a scan rate of 50 mV/s. This cycle was repeated 10 times.  
4.3.3 Microbial fuel cell setup  
The anode and cathode compartments of the microbial fuel cell were separated by a cation 
exchange membrane (Nafion-112; Dupont, Wilmington, DE). The anode compartment was 
supplied with nitrogen sparged fuel to maintain anaerobic conditions and the cathode 
compartment was supplied with air-saturated water. Both compartments contained an electrode 
(1.0 × 4.0 cm2). Cathodes for all fuel cells were e-beam Pt (1000 Å thickness) deposited carbon 
papers; deposition was made using an e-beam evaporator (VE-180, Thermoionics Laboratory, 
Inc., Port Townsend, WA). The anodic biofilm was enriched from an anaerobic sludge taken 
from the Franklin Township Municipal Sanitary Authority in Pittsburgh. The fuel cell was 
inoculated using an artificial waste water containing 50 mM phosphate buffer (pH 7.0), glucose 
and glutamate fuel,74 trace mineral solution,75 and a salt solution.76 The flow rate of the fuel 
supplied to the anode was adjusted from 1 to, 3 to 15 rpm (1 rpm = 2.25 ml/ min). Current 
density was monitored via a keithley meter connected to a personal computer. 
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4.3.4 Measurements 
For transmission electron microscope (TEM) analysis, the prepared Pt-loaded carbon nanofiber 
mat was ground into small fragments. This powder was dissolved in ethanol and sonicated in a 
bath-type sonicator (Power Sonic 505, Hwashin) for up to a minute to get individually dispersed 
nanofibers. This solution was then dropped on a carbon TEM grid and dried in a vacuum 
furnace. The transmission electron microscope used was a field emission JEM 2010F (JEOL) 
operated at 200 kV. The corresponding Fourier transform patterns were obtained during TEM 
analysis. A scanning electron microscope (SEM, JEOL JSM6700F) was used to observe the 
morphology of the Pt-loaded carbon nanofibers. Thermogravimetric analysis (TGA) was used to 
measure the amount of Pt loading in the carbon nanofiber mat. The samples were ground and 
dispersed in isopropanol by sonication and then dropped on a glassy carbon electrode with a 4 
mm diameter. The measurement of catalytic activity was performed in methanol 1 M/ H2SO4 0.5 
M. The methanol / H2SO4 solution was bubbled with N2 gas for 30 min to remove molecular 
oxygen right before the measurement. An E-tek sample of 20 wt% Pt on Vulcan XC-72 (lot 
#JJ121506) was used for comparison. The voltage was scanned from -0.225 V to +1.15 V vs 
Ag/AgCl KCl sat using differential pulse voltammetry (pulse height; 3 mV, pulse width; 1 ms, 
step height; 0.5 mV, step time; 100 ms) at room temperature. Scanning was conducted until the 
curve was saturated to a stable state. 
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4.4 RESULTS AND DISCUSSION 
The Pt-loaded CNF mat (4 x 5 cm2) is shown in Figure 4a. The CNF mat was closely packed, as 
can be seen from the cross section (Figure 4b). The CNF mat was a highly permeable porous 
material and its conductivity was 15 S/cm. Pt nanoparticles were uniformly distributed on the 
nanofiber surface (Figure 4c). The size of the Pt nanoparticles was 2.9 ± 0.4 nm, measured from 
X-ray diffraction. They were monodispersed on the surface of CNFs with a negligible amount of 
aggregation which contrasts previous reports that some of the Pt nanoparticles were embedded in 
bulk (Figure 4d,e).63, 77-78 A dark field (HAADF) TEM image of Pt-loaded CNF was also taken 
to avoid the overlapping of Pt nanoparticles above and below the CNF surface.  Excellent 
uniformity of Pt nanoparticles was observed in Figure 4f. It is of note that due to the high 
permeability of the CNF mat, the Pt nanoparticles decorated the surface of CNFs located deep in 
the mat, as shown in Figure 4c. Typically, the conductivity of the supports is degraded due to the 
use of functional groups to enhance adhesion of Pt to the supports.63 In our case, however, the 
conductivity of the CNF mat was not degraded after Pt loading due to their direct adsorption on 
the surface of the nanofibers.  
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Figure 4. (a) Optical microscope image of Pt-loaded CNF mat, (b) cross section of Pt-loaded CNFs, 
(c) SEM image, (d)-(e) TEM image of Pt-loaded CNF mat before electrochemical activation, and (f) Dark 
field TEM image of Pt-loaded CNF mat before electrochemical activation. Xuyen, Sanchez et al. 2010. 
Diffusion-limited reduction of organometallic compound on carbon nanofiber mat for catalytic applications. 
Journal of Materials Chemistry 20, 5468-5473. Reproduced by permission of The Royal Society of Chemistry. 
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The underlying mechanism of loading Pt nanoparticles on the CNF mat is shown in 
Figure 5. Due to the functionalization of CNFs by acid treatment described in the experimental 
part, Pt(acac)2 molecules adsorbed well onto the CNF surface (step I). The functional groups 
such as carboxylic acid, hydroxyl, and carbonyl groups act as nucleation sites for Pt(acac)2 on 
CNFs.78 As the temperature increases gradually up to 150 oC, Pt(acac)2 molecules in the solid 
phase start to sublimate.79-81 When the Pt-loaded CNF mat is pressed between two ceramic 
plates, the diffusion of the Pt(acac)2 molecules is confined to the space among CNFs and by the 
gap between the mat and two ceramic plates (step II). The sublimation occurs rapidly until the 
partial pressure of Pt(acac)2 molecules reaches the sublimation pressure, resulting in an 
equilibrium state.  
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Figure 5. Schematic of the equilibrium phase of Pt(acac)2 molecules on CNFs in a surrounding space 
at elevating temperature, when the surrounding space of CNF mat is (a) confined and (b) open. Xuyen, 
Sanchez et al. 2010. Diffusion-limited reduction of organometallic compound on carbon nanofiber mat for 
catalytic applications. Journal of Materials Chemistry 20, 5468-5473. Reproduced by permission of The 
Royal Society of Chemistry. 
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Due to the confined space, the amount of sublimated Pt(acac)2 is small compared to the 
remaining solid phase of Pt(acac)2 on the CNF mat. Although more Pt(acac)2 molecules are 
sublimated at an elevated temperature according to the Clausius-Clapeyron relation, the 
increasing amount of Pt(acac)2 in the gas phase is negligible. This is in contrast with the case of 
the open space in which the sublimated Pt(acac)2 molecules diffuse away. As the temperature 
rises above 150 oC, the Pt(acac)2 molecules decompose leaving Pt nanoparticles behind (step III). 
The confined space preserves the majority of Pt(acac)2 adsorbed onto the mat from 
sublimating. TGA revealed that the nominal amount of Pt loaded (20 wt%) was reduced to 19.55 
wt% after reduction, demonstrating the efficiency of reducing the adsorbed Pt(acac)2 molecules 
in a confined space. This is excellent when contrasted with the case of the open space, where the 
amount of Pt nanoparticles was only about 4.5 wt%. Ultimately, controlling the kinetics of Pt 
precursors by diffusion-limited reduction not only minimizes the complication of procedures 
such as the use various agents or time consuming tasks,62 but also produces a uniform 
distribution of Pt nanoparticles through the porous mat. This is because the Pt(acac)2 molecules 
were immobilized by the functional groups uniformly over the mat and then subsequently 
reduced into nanoparticles. 
 
We note that the geometry of the CNF mat was perfectly preserved during acid and heat 
treatment, and the conductivity of the CNF mat was not degraded. These observations are 
characteristic of methods that control the kinetics of Pt precursors, while keeping the support in a 
static state. One such method was previously demonstrated for growing a catalyst on a polymer 
membrane.62  
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The sample was then activated electrochemically as described in the experimental section 
(step IV). The effect of electrochemical activation on the Pt-loaded CNFs in acid solution can be 
observed in the high-resolution TEM images (Fig. 2). The Pt nanoparticles were formed by heat 
treatment under Ar ambient when the (acac) ligands decomposed and evolved into either the gas 
phase or adsorbed fragments.80 The adsorption of these fragments onto the surface of Pt 
nanoparticles cannot be avoided due to the high surface energy of Pt nanoparticles.82 This may 
result in the outer layer of the Pt nanoparticles being covered by a form of hydrocarbon groups or 
oxygen-containing species. This was confirmed in the high-resolution TEM images shown in 
Fig. 2a. The inset clearly shows the presence of a thin film on the Pt nanoparticle. In order to 
remove these contaminants, we chose a method of electrochemical cyclic scanning activation. It 
has been shown that an applied potential is required to remove the hydrocarbon and oxygen-
containing species on Pt surfaces in acid solution.82-84  
A wide range of applied potential from -0.23 V to +1 V was chosen to remove all of these 
complexes and/or convert neutral Pt atoms. After a cyclic scanning process of ten cycles from -
0.23 to +1 V in H2SO4 solution, the surfaces of the Pt particles were cleaned completely as 
shown in the inset of Figure 6b. The related fast-Fourier transformed (FFT) pattern of the 
selected Pt nanoparticle in the inset is also shown in the inset. The hexagonal spots indicated by 
the numbers of the FFT pattern are indicative of the different facets, as shown in the figure 
caption. This is congruent with a previous report that the electrochemical treatment of Pt surfaces 
can generate various facets of Pt surfaces to enhance the catalyst efficiency.  
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Figure 6. TEM images of Pt surface (a) before and (b) after electrochemical activation and the 
amplified particle surface in the inset. FFT pattern is in the inset. The crystal facet of point 1 is (1,-1,-1), 2 is 
(2,0,0), 3 (1,1,1), 4 (-1,1,1), 5 (-2,0,0), 6 (-1,-1,-1) and the zone X is (0,-1,1). Zone X is the observed plane. 
Xuyen, Sanchez et al. 2010. Diffusion-limited reduction of organometallic compound on carbon nanofiber 
mat for catalytic applications. Journal of Materials Chemistry 20, 5468-5473. Reproduced by permission of 
The Royal Society of Chemistry. 
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The oxidation of Pt nanoparticle surfaces in H2SO4 solution was observed in the CV 
curve, in Figure 7a. The current increase above 0.78 V was assumed to be attributed to Pt 
oxidation. The oxidative peak current in the first cycle revealed the presence of Pt oxide 
substances on the Pt nanoparticles in the early stage of the activation process. By the tenth cycle, 
the oxidation peak was collapsed indicating the removal of oxide substances from the Pt 
nanoparticle surfaces. Additionally, the H adsorption/desorption peaks significantly increased in 
the tenth cycle. In the first cycle, a broad Hads peak stems from the facets of the Pt nanoparticles 
being polycrystalline. In the latter cycles, the Hads peaks were split into three individual peaks. 
Each peak can be assigned to the single crystalline facets of Pt nanoparticles. These single facets 
in the Pt nanoparticles were not visible from the TEM image in Figure 6b. No appreciable 
differences in the peak currents were observed after the tenth cycle. With further cyclic scanning 
activation, the peaks became sharper, which was caused by the facet-selective etching. The H 
adsorption peak was used to calculate the active surface area of Pt nanoparticle.85 The active 
surface area of the activated Pt/CNFs significantly increased from 846 to 1,854 cm2/mg Pt  
(Table 1). The removal of oxygen-related substances and formation of single crystalline facets 
contributed significantly in enhancing the active surface area of Pt nanoparticles. 
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Figure 7. (a) Cycle voltammetry of Pt/CNFs in 0.1 M H2SO4 at RT. Potential sweep rate is 50 mV/s. 
(b) Differential pulse voltammetry of Pt-loaded CNFs in 1 M methanol and 0.5 M H2SO4 before (dotted line) 
and after (solid line) electrochemical activation. Xuyen, Sanchez et al. 2010. Diffusion-limited reduction of 
organometallic compound on carbon nanofiber mat for catalytic applications. Journal of Materials 
Chemistry 20, 5468-5473. Reproduced by permission of The Royal Society of Chemistry. 
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Differential pulse voltammetry was used to investigate the catalytic activity of the Pt 
nanoparticles for methanol oxidation. In order to see the catalytic effects from the Pt 
nanoparticles exclusively, the current contribution from the CNF support was subtracted. Figure 
7b shows the cyclic-voltammetry curves of Pt-loaded CNFs before and after electrochemical 
activation. The curves describe the current contributed exclusively from methanol oxidation from 
the Pt nanoparticles.  
 
 
Table 1. Active surface area calculated from Hads peak in 0.1 M H2SO4, the maximum current 
density, and ratio of area forward peak to backward peak of Pt/CNFs in methanol oxidation before and after 
electrochemical activation. Xuyen, Sanchez et al. 2010. Diffusion-limited reduction of organometallic 
compound on carbon nanofiber mat for catalytic applications. Journal of Materials Chemistry 20, 5468-5473. 
Reproduced by permission of The Royal Society of Chemistry. 
 Hads peak Methanol oxidation 
Samples Active surface area 
(cm2/mg Pt) 
Im 
(mA/cm2/mgPt) 
Af/Ab 
Pt/CNFs 846 926 3.4 
Activated Pt/CNFs 1,854 1,838 3.7 
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The pristine Pt-loaded CNF sample exhibited an oxidation current of 926 mA/cm2/mg Pt 
in Figure 7b (dotted line). The advantages of a monodispersed size of 2.9 nm nanoparticles, a 
high loading of Pt, the uniform distribution without embedment of the Pt nanoparticles, and the 
high electrical conductivity of the support all contributed to the high performance of the 
electrode. However, after electrochemical activation, the peak current and thus mass-specific 
current density was significantly improved to 1,838 mA/cm2/mg Pt from 926 mA/cm2/mg Pt. 
The increased active surface area of Pt nanoparticles, as evidenced from the ratios of active 
surface area (see Table 1.), produced this higher methanol oxidation current. The peak position 
of the forward scan was 0.76 V vs Ag/AgCl KCl sat for both samples. In both cases, the forward 
current showed a rather broad peak, whereas the backward current showed a sharp peak. The 
broad peak of the forward scan was due to several intermediate steps of oxidation of methanol.86-
88 With the backward scan, some of the un-reacted intermediate methanol derivatives produced 
during the forward scan continued further reactions to generate CO2 which is the final product.89 
In our case, a sharp peak in the backward scan was observed. The peak area ratio (Af/Ab) was 
enhanced from 3.4 to 3.7 after electrochemical activation. We conclude here that electrochemical 
cyclic scanning activation of the Pt-loaded CNFs offers a higher catalytic activity than the 
pristine sample. 
To test the catalytic activity of Pt nanoparticles on CNF mats and its effect on anode 
performance, we tested them in a MFC (Figure 8a). In MFCs, catalysts are typically used to 
decrease the internal resistance. In particular they are used to address overpotentials and improve 
the performance of the biofim-anode.52, 90-91 The innoculant used was anaerobic sludge from 
Franklin Township Municipal Wastewater Treatment plant.  
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Figure 8. (a) The principle of the mediator-less microbial fuel cell. (b) Current density of the Pt-
loaded CNF mat, the electrochemical (EC) activated Pt-loaded CNFs mat, and the e-beam deposited-
Pt/carbon microfiber paper electrode on the anode compartments at a fuel flow rate of 3 rpm. (c) Current 
density of the Pt-loaded CNFs and the electrochemical activated Pt-loaded CNF electrode on the anode 
compartments at a fuel flow rate of 3 rpm, 10 rpm, and 15 rpm. Xuyen, Sanchez et al. 2010. Diffusion-limited 
reduction of organometallic compound on carbon nanofiber mat for catalytic applications. Journal of 
Materials Chemistry 20, 5468-5473. Reproduced by permission of The Royal Society of Chemistry. 
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Figure 8b shows the current densities of the Pt-loaded CNF mat, an electrochemically 
activated Pt-loaded CNF mat, and an e-beam deposited Pt/carbon paper electrode in a microbial 
fuel cell at a fuel flow rate of 3 rpm. For 40 hours, the current densities of both the unactivated 
and activated Pt-loaded CNF mat continuously increased while the e-beam deposited Pt/carbon 
microfiber paper sample exhibited smaller current densities. Specifically, the current densities of 
the unactived and activated Pt-loaded CNF mat at 40 hours were 4 times and 10 times higher 
than that of the e-beam deposited Pt/carbon carbon paper, respectively. The difference in 
catalytic activity can be attributed to the high surface area and activity of Pt nanoparticles. The 
electrochemical activation of the Pt nanoparticles increased the current density twice compared 
to the untreated sample. The Pt nanoparticles are likely promoting electron transfer between the 
bacteria and the carbon support by decreasing the activation overpotential. As the fuel flow rate 
was elevated, the slope of the current density curve increased. The flow rate increases and 
current measurements were performed for 160 hours, as shown in Figure 8c. The fiber mat 
allowed the fuel flow rate to reach as high as 15 rpm. From about 90 to 155 hours, the current 
density of Pt-loaded CNF mat and the current density of the electrochemically activated Pt-
loaded CNF mat were saturated at 0.17 and 0.6 A/m2, respectively. Similar current densities were 
previously reported for continous flow reactors.18, 92 Although the media was changed at several 
steps, marked by arrows in the figure, the current rapidly recovered and maintained the saturated 
value for both samples. In addition, the electrochemically activated Pt-loaded CNF mat was 
tested further after being exposed to air for ten days. It still showed the high current density of 
about 0.57 A/m2. This trend proves that the clean Pt nanoparticles play an important role in 
harvesting electrons from bacteria metabolic reactions. Finally the mass-specific current density 
of the activated Pt-loaded CNF mat (0.6A/mgPt) in the MFC was larger than the highest reported 
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mass-specific current density for e-beam evaporated Pt electrodes (0.4A/mgPt)48 confirming that 
an increasing catalyst surface area is necessary for increasing MFC current density.    
4.5 CONCLUSIONS 
In conclusion, the diffusion-limited reduction process preserved Pt(acac)2 molecules on the CNF 
mat until Pt(acac)2 molecules were decomposed into Pt nanoparticles. A high loading yield, 
uniform distribution, and a uniform size of Pt nanoparticles were obtained. The subsequent 
electrochemical activation of Pt nanoparticles removed the contaminants (e.g. residual (acac) 
ligands) and generated specific facets to enhance the active surface area of Pt nanoparticles. This 
was observed via TEM, Hads measurements and methanol oxidation tests. The effect of the new 
electrode on MFC current density was then evaluated.  
 
Using the new electrode MFC current density was increased relative to the e-beam Pt electrode, 
with the device producing a current of up to 0.6 A/m2 with a long-term stability of up to 150 
hours. The recorded mass-specific current density was (0.6A/mgPt) and was larger than the 
highest reported mass-specific current density reported for e-beam evaporated Pt electrodes 
(0.4A/mg Pt)48 showing an increase by a factor of 1.5. This confirms that increasing the active 
surface area of the Pt catalyst using nanoparticles is more efficient at increasing MFC current 
density than mere Pt surface deposition. More importantly, the results suggest that increasing 
active surface area of the Pt catalyst is necessary for increasing current production despite the 
fact that Pt loadings for MFCs are comparable to hydrogen fuel cells yet MFC current densities 
are significantly smaller. Finally, this research demonstrates a practical nanoparticles-based 
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deposition method that can be applied to load various organometallic compound-based catalysts 
on various carbon-based supports for future MFC research. 
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5.0  EVALUATING THE EFFECT OF INCREASED PLATINUM SURFACE AREA 
ON THE CATHODE REACTION BY INCOPORATING PT NANOPARTICLES INTO 
THE CATHODE AND MEASURING MASS-SPECIFIC CURRENT DENSITY  
After demonstrating that incorporating Pt nanoparticles into the anode increases MFC current 
density we focused on whether the increased surface area of Pt nanoparticles could improve the 
cathodic oxygen reduction rate. The oxygen reduction reaction has a high activation 
overpotential and previous MFC experiments 48, 93 have shown that incorporating platinum onto 
the cathode electrode improved performance.  The difference is that while we sought to 
efficiently increase the Pt catalyst surface area to increase MFC current density we also did so 
trying to eliminate the use of binders and mediators that would increase costs and potentially 
contaminate the catalyst.50 
5.1 SUMMARY  
This section of the dissertation describes the characterization and evaluation of a single wall 
carbon nanotube (SWNT) sheet electrode with infused platinum nanoparticles (nPts) as a cathode 
in a microbial fuel cell. The design is intended to increase electrode efficiency by increasing the 
surface area to volume ratio of Pt and thus the available surface area of the catalyst. The 
electrode fabrication procedure is an extension of the conventional bucky-paper like fabrication 
 42 
technique to a two-component system and incorporates nPt throughout the thickness of the 
sample. The electrodes were characterized via scanning electron microscopy (SEM), Raman 
spectroscopy, transmission electron microscopy (TEM), and cyclic voltammetry (CV). Our 
characterizations confirmed the architecture of the electrodes and the current density from our 
MFC increased significantly, approximately an order of magnitude, when an e-beam evaporated 
platinum cathode was replaced with this SWNT-nPt sheet electrode. The enhancement of 
catalytic activity can be associated with the increase of Pt surface area in the active cathode layer 
as shown by the increase in mass-specific current density of Pt by a factor of 4. Our data clearly 
suggest that nanoparticles co-deposited into layers of nanotubes can more efficiently catalyze the 
cathodic reaction than electrodes that efficiently deposit Pt on its surface. 
5.2 INTRODUCTION 
In order to become a viable source of renewable energy, MFCs require an increase of 
current densities relative to their abiotic counterparts.12, 94  The increase of current density 
requires a decrease of the internal resistance (often characterized by ohmic losses), an 
improvement of proton transport out of the biofilm, and a reduction of overpotentials for both 
anodic95 and cathodic reactions.90, 96 
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Figure 9. Schematic diagram of a microbial fuel cell (MFC) system. As bacteria (yellow rods) 
consume glucose, the produced free electrons flow from the anode to cathode via the electrical circuit while 
protons are transferred from anode to cathode through a proton exchange membrane (Nafion). Reprinted 
with permission from Sanchez et al. 2010. Carbon Nanotube/Platinum (Pt) Sheet as an Improved Cathode for 
Microbial Fuel Cells. Energy & Fuels 24, 5897-5902. Copyright 2010 American Chemical Society. 
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Addressing the issues for both anode respiration and the oxygen reduction reactions can 
significantly affect MFC performance.  For example, cathodic performance was shown to 
improve greatly by augmenting proton transport with buffers, using low pH catholyte solutions, 
and incorporating platinum (Pt) or other catalysts into cathodes.54 However, to attain high current 
densities platinized MFC electrodes have typically used high Pt surface loading (>0.4mg/cm2),12 
expensive  binders (i.e. Nafion)55  and artificial mediators (i.e. FeCN). Increasing current 
densities by loading Pt efficiently, increasing the available surface area of Pt and eliminating 
binders and artificial mediators are the steps needed to make MFCs an industrially viable 
technology. 
5.2.1 Mass transfer limitations and oxygen reduction kinetics  
The high overpotentials of cathodic reactions in oxygen-based microbial fuel cells12 originate 
from i)  the concentration overpotential caused by inadequate proton transport to the cathode and 
ii) the surface overpotential, a consequence of the 4- electron transfer needed for oxygen 
reduction (see Equation 1). 93 
           (1) O2 + 4H+ + 4e- → 2H2O    
The rate-determining reaction on a modified cathode was shown to change from 4e-/4H+ 
to 4e-/2H+ with a variation of pH. As pH increased the oxygen reduction potential decreased. 
Negative slopes of 59mV/pH and 29mV/pH for pH below and above97 respectively, were 
demonstrated for cathodes with surface catalysts.93  As a quick illustration, open-circuit 
potentials of ~0.6V, ~0.33V, and ~0.27V were shown for a carbon foil electrode with a CoTMPP 
(cobalt tetramethoxyphenylporphyrin) catalyst at pHs of ~1,~7, ~9.3 respectively.93 
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Additionally, the rate determining reactions (i.e. four electron and two electron transfers 
for oxygen reduction) have been studied in alkaline media using bulk platinum and are shown in 
Equations 2 and 3 respectively98 : 
    (2) O2 + 2H2O + 4e- → 4OH- 
    (3) O2 + H2O + 2e- → HO-2 + OH- 
 
Since the concentration of protons at neutral pH is about 3 orders of magnitude lower 
than the concentration of oxygen in air saturated water (~9mg/L) and 4 protons per oxygen 
molecule are needed for the cathodic reaction to occur (Equation 1), a proton mass transfer 
limitation can typically be expected in MFCs. Torres et al. and Zhao et al. defined proton mass 
transfer limitations for both bio-anodic (proton generating) and cathodic (proton consuming) 
reactions.93, 95 These mass transfer limitations can be reduced by the addition of concentrated 
phosphate buffer to the anolyte or acid to the catholyte. Only when proton mass transfer 
limitations are removed are oxygen mass transfer limitations realized. For example, under acidic 
conditions and a high catalyst loading of (1 mg/cm2 ) Zhao et al. demonstrated a mass transfer 
limitation for oxygen. Ultimately, cathode performance primarily depends on the proton 
concentration so that the oxygen reduction rate increases with a decreasing pH and or an 
increasing buffer concentration. 
 
Enhancing the reactivity at the cathode is important since oxygen reduction requires a 4 
electron transfer. Fortunately, the reactivity can be improved via the addition of catalysts such as 
Pt. For neutral pH solutions, which are preferred for MFCs, a higher catalyst loading correlates 
with an increased rate of oxygen reduction and higher current densities,93 To demonstrate the 
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trade-off between maintaining a neutral pH and adding a catalyst it was shown that as the Pt 
loading increased from 0.5 mg/cm2 to 2 mg/ cm2 the current density in a pH neutral solution with 
a phosphate buffer concentration of 0.1M increased from 45% to 74% of the value recorded for a 
solution at pH 3 with 0.5M phosphate buffer.93       
5.2.2 Nanostructured Electrodes 
Nanostructured carbon-based materials, nanotubes in particular, can have high surface area to 
volume ratio, mechanical strength, high electrical conductivity, and catalytic properties. As a 
result, nanomaterials can be beneficial to MFC performance if they are used for electrodes 
instead of conventional bulk graphite.99-100 Considering that carbon nanotubes can be assembled 
into highly porous macroscopic paper-like sheets similar to carbon microfiber mats from Toray 
Industries48 the scalability issues for nanotube sheet fabrication can be similar. In fact, carbon 
nanotube sheets can presently be manufactured from liquid-dispersed carbon nanotubes, using a 
process similar to that used for making ordinary paper. 
MFCs utilizing nanostructured electrodes have yielded promising results. Park et al. 
showed that electron beam (e-beam) Pt deposition improves the performance of plain carbon 
paper from Toray Industries,48 Sharma et al. reported the impact of noble nanoparticles and 
artificial mediators on improving current density,91 and Zou et al. improved MFC performance 
using polypyrrole coated nanocomposites.59 These and other examples demonstrate the ability of 
catalysts to decrease activation overpotentials, and the utility of high surface-to-volume ratio 
electrode structures for improving MFC performance. 
The concept of incorporating nPt into the cathode is motivated by the fact that reducing 
oxygen at the cathode in fuel cells is a relatively slow reaction that can be improved with a 
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catalyst. At the same time, it is important to note that the crossover of substrate from anode to 
cathode can cause side reactions that decrease oxygen reduction efficiency on Pt electrodes;51, 101 
illustrating yet again the importance of increasing the available Pt surface area on the cathode 
and the promise of using nPts. 
  
In this experiment, we inoculated a MFC using activated sludge and a buffered 
electrolyte with an e-beam Pt deposited cathode. We then substituted the cathode with a SWNT-
nPt electrode and evaluated resulting energy generation. We focused on the characterization of 
the cathode fabricated from single-walled carbon nanotubes (SWNTs) embedded with nPt and 
the evaluation of its performance in a two compartment MFC by measuring current density and 
evaluating the mass-specific current density of Pt.    
5.3 MATERIALS AND METHODS 
5.3.1  Electrode Fabrication Procedure  
Single-walled carbon nanotubes (SWNT) made by the high pressure carbon monoxide (HiPco) 
process were purchased from Unidym Inc. (Sunnyvale, CA). About 15 mg of SWNT were 
placed in an aqueous surfactant solution and subjected to probe sonication (Fisher Scientific 
Model 500) for about 25 minutes in 5 min cycles. The dispersion was kept in an ice bath to avoid 
heating. Two types of surfactants, Triton-X-100 and Pluronic X (Aldrich), were used in this 
study. 
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Approximately 0.1g Triton-X-100 in 50 mL of water was added to the SWNT 
dispersions. Sonication continued for ~5-10 minutes until a good dispersion was achieved, thus 
allowing for the uniform addition of ~15 mg  nPt  (Aldrich Platinum black HiSPEC 1000) . The 
solution was diluted with one liter of water and a decanting-method was used to repeat the 
process. The whole solution was then filtered through a vacuum filter apparatus with a 47mm 
diameter filter (Millipore, 10-micron MITEX PTFE membrane filters). After filtration, 1000 mL 
of water was passed through the filter until all foam disappeared. A second 1000 ml solution of 
30% methanol was passed through the filter. The methanol solutions were diluted to ensure that 
methanol would not react directly with oxygen in the air using Pt in the carbon nanotube paper as 
a catalyst.  The vacuum was released and the vacuum filtration apparatus was disassembled. 
Immediately, another 10-micron MITEX PTFE membrane filter was placed on top of the carbon 
nanotube sheet forming a “sandwich”. The whole vacuum filtration apparatus was reassembled 
and the vacuum was continually applied for one hour. The purpose of enclosing carbon nanotube 
paper between two membranes was to maintain a flat and uncurled sheet. After air-drying for an 
additional hour, the membrane filter was peeled off.  The process was also conducted using 
Pluronic-X in place of Triton–X-100. The carbon nanotube paper with nPt was then used as the 
anode and or cathode of the MFC. It is important to note that the size and shape of the SWNT-
nPt sheet prepared in this way is limited only by the size and shape of the membrane filter used.  
 
5.3.2 Characterization of SWNT-nPt electrode 
In this study SWNT-nPt electrodes were characterized using three different methods: scanning 
electron microscopy (SEM), Raman spectroscopy, and transmission electron microscopy (TEM).  
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5.3.2.1 SEM 
 In order to ensure that the nPt had not completely agglomerated throughout the sample or on the 
surface of the SWNT-nPt sheet, SEM images were taken of the electrode surface and from 
fractured sample using a LEO 1530VP field emission microscope. Electrode samples were cut at 
random positions and viewed in a scanning electron microscope at different magnifications for 
the surface analysis. 
5.3.2.2 Raman Spectroscopy 
Raman spectroscopy provides spectra between 100 cm-1 and 3500cm-1 for 633nm laser excitation 
which was used to characterize the SWNTs in the electrodes and to detect the presence of 
contaminants, such as surfactants or organic residue from the production of carbon nanotubes, in 
the electrodes.  A Jobin Yvon LabRam HR800 Raman Microscope was used.  
5.3.2.3 TEM  
To confirm the distribution and sizes of nPt in the SWNT-nPt matrix, a small sample (~0.25 cm2) 
was sonicated in isopropyl alcohol for a total of 35 minutes. Water in the sonication bath was 
exchanged every 7 minutes to avoid temperature increase in the solution. A sample of the 
isopropyl alcohol solution containing SWNT-nPT was deposited on a lacey carbon TEM grid 
and dried. Images were taken at several magnifications using JEOL 2100F TEM/STEM machine 
at 200kV. The images were used to determine the size of the nPt and the relative dispersion.           
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5.3.3 Microbial fuel cell (MFC) System 
A dual compartment MFC, separated by a Nafion proton exchange membrane (Nafion-112; 
Dupont, Wilmington, DE)102 was used with each compartment holding a 4 cm x 1cm electrode. 
An external resistor (10 Ω) was used as a fixed load and the potential across the resistor was 
measured with a Keithley meter (Model 2701 DMM, Keithley Instruments, Inc. Cleveland, OH) 
and collected via a personal computer.48 Influent was pumped into the reactor using a peristaltic 
pump (Watson-Marlow 323S Bredel, Watson-Marlow Inc. Wilmington, MA) and attached 
cassette  (Watson Marlow 314MC cassette) at a rate of 3 rpm using marprene tubing with a 2.79 
mm bore. The anode compartment was continuously sparged with nitrogen throughout the 
experiment. 
5.3.3.1 Anode 
Glucose(50ppm), glutamic acid (50ppm), and phosphate buffer (100mM, pH 7.5) were added to 
a media consisting of a trace element and salt solution described previously.103 Each reactor was 
inoculated with activated sludge (biomass taken from the aeration tank in a wastewater treatment 
plant) from ALCOSAN wastewater treatment plant (Pittsburgh, PA) and was recycled through 
the reactors until current was generated. Substrate was then fed in continuously until a significant 
amount of current was produced. The start-up procedure lasted about 1 week after which cathode 
testing commenced.  After testing in the MFC was complete, anodes were extracted and imaged 
using SEM (SEM; e-LiNE, Raith GmbH, Germany) to ensure the accumulation of a biofilm.  
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5.3.3.2 Cathode 
The cathode was fed with air-saturated water containing phosphate buffer and the same salt 
solution as in the anolyte. The influent was pumped using the same setup described above. For 
the first part of the experiment,1000Å Pt was deposited on plain Toray carbon paper (TGPH-120, 
E-tek, Somerset, NJ) using an e-beam evaporator (VE-180, Thermionics Laboratory). This 
electrode containing e-beam deposited Pt was inserted as the cathode. E-beam deposited Pt 
electrodes were used as a base for comparison because they were previously tested in MFCs.48 It 
is also important to note that e-beam evaporation does not deposit Pt throughout the thickness of 
the sample. The e-beam Pt deposited electrodes (1000 Å) in the cathode compartment were used 
in operation for 2 days and were then replaced by a SWNT-nPt sheet electrode in order to 
evaluate relative performance. The MFC was again operated for a day after the replacement. 
Samples of both SWNT-nPt and e-beam Pt (1000 Å) electrodes, 1cm2 in size, were placed in  a 
100mM phosphate buffer solution, an Ag/AgCl reference electrode, and a 2cm2 e-beam Pt 
counter electrode. The solution was continuously sparged with air.  Cyclic voltammetry was 
performed on each cathode individually using a CH Instruments 1040A potentiostat at a scan rate 
of 2mV*s-1 in the range of -0.2V to 1.2V (vs Ag/AgCl).   
5.4 RESULTS AND DISCUSSION 
The SEM image in Figure 10A shows the uniform architecture of the SWNT-nPt matrix at the 
micro scale. Assemblies of SWNT bundles were seen throughout the thickness of the sample. 
Figure 10B at higher magnification shows the uneven topography and high surface area that we 
expected. 
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Figure 10. SEM images of a fractured surface of SWNT-nPt matrix at low (A) and high 
magnifications. The images illustrate the fibrous nature of the electrode and that the platinum nanoparticles 
are not highly agglomerated. Reprinted with permission from Sanchez et al. 2010. Carbon 
Nanotube/Platinum (Pt) Sheet as an Improved Cathode for Microbial Fuel Cells. Energy & Fuels 24, 5897-
5902. Copyright 2010 American Chemical Society. 
 
 The Raman spectra of SWNT samples with and without nPt showed identical Raman 
features (Figure 11). The G, G’ and D bands were at the usual positions for SWNT spectra.104 
The spectra showed about the same intensity for SWNT and SWNT-nPt and revealed no 
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significant shifting or broadening of the peaks. The dominant peak near 1580cm-1 is 
characteristic of SWNT and typically relates to the phonon modes.104 These spectra indicate a 
consistency in the process of electrode fabrication. Most importantly, the material did not change 
during the process and no contaminant, such as surfactant used to disperse SWNTs or organic 
material from source carbon nanotubes, was found. 
 
Figure 11.  Raman spectra of SWNT samples with and without platinum nanoparticles. The samples 
were measured using 633nm laser excitation. This image shows that there is no notable shift in the G,G’, and 
D bands between SWNTs with and without platinum nanoparticles. Reprinted with permission from Sanchez 
et al. 2010. Carbon Nanotube/Platinum (Pt) Sheet as an Improved Cathode for Microbial Fuel Cells. Energy 
& Fuels 24, 5897-5902. Copyright 2010 American Chemical Society. 
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 The TEM images in Figure 12 illustrate the size and distribution of nPt throughout the 
SWNT sheet. Relatively complete coverage of the SWNTs with nPt can be seen in Figure 12A. 
The distribution of these nPt throughout the SWNT matrix was such that nPts were clearly 
separated and well distributed with rare occurrences of agglomeration. Sizes of nPt were  
between 4-10nm and were confirmed with images of increasing magnification shown in Figure 
12B,C and D.  
 55 
 
 
Figure 12. TEM images of SWNT-nPt samples at (A) low magnification, (B) medium magnification, 
(C) high magnification, and (D) magnification of inset in B. The images show 4-10nm platinum nanoparticles 
evenly dispersed in the SWNT matrix. Reprinted with permission from Sanchez et al. 2010. Carbon 
Nanotube/Platinum (Pt) Sheet as an Improved Cathode for Microbial Fuel Cells. Energy & Fuels 24, 5897-
5902. Copyright 2010 American Chemical Society. 
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Figure 13A shows the difference in anodic performance for the SWNT with embedded 
nPt made with different surfactants; e-beam Pt (1000Å) electrodes were used as cathodes. It is 
important to note that e-beam Pt (1000Å) cathodes were previously shown to increase current 
density (~0.2 A/m2) when substituted for plain carbon cathodes. This serves as our performance 
reference for improving the cathode electrode with nPts. The shapes of the current density 
profiles in Figure 13A were similar to each other and the difference in performance of the two 
electrodes was small. The shape of the current densities/voltage discharge seen in Figure 13A 
and B are similar to those reported previously.59 The initial discharge is typically followed by a 
plateau of the current density which could be due to activation overpotentials of the biofilm 
anode and/or slow diffusion of reduced mediators that may be in the biofilm. To test the 
reactivity of the cathode the influent pump for the cathode was shut off for 5 hours to decrease 
the oxygen reduction rate but allow charge (i.e. reduced mediators and or proteins) to accumulate 
within the biofilm anode as bacteria continued to consume the substrate. The shut-off period 
occurred from hours 22 to 27 in Figure 13A, which resulted in the increase in charge in the 
biofilm anode. As the influent pump for the cathode was re-started at the 27th hour to increase 
the oxygen concentration in the cathode a second peak discharge occurred (Figure 13A). This 
peak discharge confirms the accumulation of charge in the biofilm anode and characterizes the 
reactivity of the cathode. 
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Figure 13. Current density profiles from a Microbial Fuel Cell employing (A) SWNT-nPt  pluronic 
acid (■) and SWNT-nPt Triton-X (●)anodes with e-beam Pt (1000 Å ) cathodes and (B)  SWNT-nPt Triton X 
electrodes loaded with Pt (0.5mg/cm2) (▲) as the anode and cathode. The results are superimposed on each 
other in Figure 6B. Note that changing the cathode from an e-beam Pt electode (1000 Å) to a SWNT-nPt 
electrode improved the current density ~an order of magnitude. Reprinted with permission from Sanchez et 
al. 2010. Carbon Nanotube/Platinum (Pt) Sheet as an Improved Cathode for Microbial Fuel Cells. Energy & 
Fuels 24, 5897-5902. Copyright 2010 American Chemical Society. 
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In Figure 13B the e-beam Pt cathode that is coupled with the lower performing anode 
(SWNT-nPt-Triton X) is swapped for a SWNT-nPt- Triton X cathode. The discharge peak and 
current density plateau are then increased by almost an order of magnitude. This is most 
interesting when we examine the Pt loading for each electrode. The loading for an e-beam 
evaporated Pt electrode at 1000Å thickness is 0.215mg/cm2 and the Pt loading for the SWNT-nPt 
electrode is more than double that amount (0.576mg/cm2). However, when we conservatively 
compare the mass-specific current densities (Amps/ mg Pt) the SWNT-nPt-Triton-X electrode 
(0.1A/m2 / 0.576mg) outperforms the e-beam Pt cathode (0.01A/m2 /0.215mg) by a ratio of 4:1. 
Cyclic voltammograms (CVs) for both SWNT-nPt and e-beam evaporated Pt (1000Å) 
electrodes are provided in Figure 14. The reaction rate for oxygen reduction on SWNT-nPt when 
compared to the e-beam Pt electrode is significantly higher than for the e-beam evaporated Pt 
(1000Å) electrode. The results are consistent over the 4 cycles.  
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Figure 14. Cyclic scans of SWNT-nPt and e-beam Pt (1000 Å) electrodes illustrating effect of each 
electrode on the oxygen reduction reaction. At a scan rate of 2mV/s in a range of -0.2V to 1.2V (vs Ag/AgCl) 
the SWNT-nPt demonstrated superior performance. Reprinted with permission from Sanchez et al. 2010. 
Carbon Nanotube/Platinum (Pt) Sheet as an Improved Cathode for Microbial Fuel Cells. Energy & Fuels 24, 
5897-5902. Copyright 2010 American Chemical Society. 
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The SEM image in Figure 15 confirms the accumulation of a biofilm on the anode. The 
bacteria are rod-shaped and seen throughout the sample. The top left of the image shows a 
putative bionanowire traversing the biofilm105 which were scattered throughout the sample.  
 
 
 
Figure 15. SEM image of the biofilm accumulated on the SWNT-nPt anode surface in a microbial 
fuel cell. Most of the bacteria are rod shaped which was consistent throughout the sample. Reprinted with 
permission from Sanchez et al. 2010. Carbon Nanotube/Platinum (Pt) Sheet as an Improved Cathode for 
Microbial Fuel Cells. Energy & Fuels 24, 5897-5902. Copyright 2010 American Chemical Society. 
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5.5 CONCLUSIONS 
In this chapter, I present the preparation of MFC cathodes using SWNT-nPt dispersions and their 
characterizations. The fabrication method used for this SWNT-nPt cathode is an extension of the 
conventional bucky-paper fabrication technique for a multi-component system and it combines 
nPts and SWNTs into filter sheets. The electrodes were characterized with SEM, Raman 
spectroscopy, and TEM confirming nPt size, the even dispersion of nPt and the composition and 
structure of our electrode. These characterizations confirmed a successful integration of the two 
components; SWNT and nPt.  
More importantly, the novel electrode improved the cathodic reaction rate in MFCs by 
increasing the current density by approximately an order of magnitude when used to replace an 
e-beam Pt (1000Å) cathode. These findings suggest that when the cathode is under kinetic 
control (i.e. mass transfer is not limiting) the oxygen reduction reaction can be effectively and 
more efficiently catalyzed by smaller Pt constituents (nPt) that are deposited throughout the 
electrode as opposed to solely on the surface. Increasing the surface area of platinum by using 
nanoparticles and maintaining an even distribution of those nanoparticles within an SWNT 
matrix increases MFC current density and the mass-specific current density of Pt 4-fold. 
Finally, the electrode fabrication and catalyst deposition method determine the catalyst 
surface area available for the oxygen reduction reaction and are paramount to improving the 
oxygen reduction rates in MFC cathodes and ultimately MFC current density. Nanoparticles 
intermixed with SWNTs hold great potential to improve the cathodic reaction in MFCs. As a 
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result future research directions include decreasing the nPt loading, using non-noble metal 
nanoparticles, and long term feasibility studies. 
 
In the previous two sections, the incorporation of platinum nanoparticles as a catalyst 
onto CNF mats and SWNTs demonstrated the significance of increasing MFC current density by 
using nanofabrication methods to increase Pt surface area in MFC electrodes. This is surprising 
when we extrapolate from the mass-specific current densities of hydrogen fuel cells 
(2000mA/cm2/ mg Pt) the amount of Pt that would be necessary to maintain high current 
densities in MFCs (i.e. 0.5μg Pt for 1 mA/cm2). In other words, when we consider the fact that 
MFC Pt catalyst loadings are similar to those used to produce current densities 2-3 orders of 
magnitude greater via hydrogen fuel cells, it is surprising that increasing Pt surface area is still a 
an effective method to significantly increasing MFC current density. 
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6.0  THE EFFECTS OF CARBON ELECTRODE SURFACE MORPHOLOGY ON 
BIOFILM-ANODE PERFORMANCE (BY SHEWANELLA ONEIDENSIS MR-1) USING 
A TUBULAR ELECTRODE CONSTITUENT MATERIAL 
The previous two chapters determined that increasing catalyst surface area, by way of 
incorporating platinum nanoparticles, increases both anodic and cathodic contributions to MFC 
current density. In wanting to determine how the whole electrode (catalyst/electrode) influences 
the bio-electrochemical reaction it is then essential that the influence of the bare electrode on the 
bioelectrochemical reaction in MFCs also be investigated. In the following experiment I examine 
the effect of carbon fiber properties on anode-respiration by Shewanella oneidensis MR-1. A 
pure culture is chosen to reduce the complexity of the biofilm-anode’s physiological profile (e.g. 
elimination of methanogenesis, bacterial competition, and additional electron sinks). This 
particular strain is chosen since its bioelectrochemical physiology is well documented in the 
literature. For example, both its mediated and direct electron transfer mechanisms to an electrode 
have been determined and electrochemically evaluated (e.g. it uses riboflavin as a mediator and it 
is oxidized at -0.41V vs Ag/AgCl)27 thus enabling one to electrochemically determine how the 
bacteria are interacting with the electrode.     
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6.1 SUMMARY  
The formation of biofilm-electrodes is crucial for microbial fuel cell current production because 
optimal performance is often associated with thick biofilms. However, the influence of the 
electrode structure and morphology on biofilm formation is only beginning to be investigated. 
This study provides an analysis of the effects of electrode morphologies on a pure culture of 
anode-respiring bacteria. Specifically, the effects of carbon electrode materials (i.e. carbon 
microfibers and nanofibers) with drastically different morphologies on biofilm anode respiration 
by a pure culture (Shewanella oneidensis MR-1) were examined. Results showed that carbon 
nanofiber mats had ~10 fold higher current than carbon microfiber paper and that the increase 
was not due to an increase in electrode reactive surface area, conductivity, or a decrease in the 
activation resistance stemming from the reduction in the size of the constituent material. Cyclic 
voltammograms reveal that electron transfer from the carbon nanofiber mats was biofilm-based 
which suggests that decreasing the diameter of the constituent carbon material from a few 
microns to a few hundred nanometers is beneficial for electricity production solely because the 
electrode surface of carbon nanofibers is more amenable to biofilm formation by Shewanella 
oneidensis MR-1. 
6.2 INTRODUCTION 
The bare anode of a microbial fuel cell (MFC) receives electrons from bacteria, serves as the 
substratum for bacteria to attach and initiate biofilm formation and provides the scaffold on 
which it grows.106-107 In many cases, the formation and size of the biofilm are directly correlated 
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to high current production by a MFC.25, 107-108 Therefore, understanding how the electrode 
structure and morphology might influence the formation and size of a biofilm in a biofilm-anode 
is paramount for the development of any biofilm-electrode based technology. 
 
Several studies have reported that changing the structure (e.g. graphite rod, graphite 
foam, woven graphite) of the anode resulted in an increase in current production.47, 109-112 These 
studies focused on how the electrodes influenced the electrochemical reaction or increased the 
available/reactive surface area thus providing a foundation for later investigation into how 
electrodes effected biofilm formation and growth.14, 19, 90  Observations from these studies led to 
the modification of anodes in order to further increase reactive surface area47, 49, 58-59, 113-114 and or 
decrease overpotentials, a conventional approach borrowed from catalytic fuel cell research.52-53, 
56, 101, 115-118 For example, Logan et al.113 showed that increasing the overall surface area by 
employing a graphite electrode brush increased current density by ~2.5 times compared to a 
carbon cloth anode. At the same time however, Dewan et al.119 found that current densities for 
electrodes with a larger surface area cannot always be directly extrapolated using the current 
densities generated by smaller electrodes. Additionally, Dewan et al. found that power densities 
scale with the logarithm of the projected surface area. As a result, anodes that serve as the 
substratum for electricity-producing biofilms may need to incorporate more than just a higher 
surface area or decreased activation overpotential. Perhaps anode selection should also account 
for factors that may influence the bio-electrochemical reaction indirectly, such as an anode 
surface morphology that impacts the onset and growth of the biofilm. 
   
 66 
Given the size of a typical bacterium (1-3μm), increasing the surface area to volume ratio 
of the material does not necessarily increase the surface area available for bacterial respiration 
after some threshold.47 However, changes at the micro and nanometer scale affect the surface 
morphology of the electrode that bacteria and their biofilms attach to and grow on. Changes in 
surface morphology have already been shown to affect biofilm growth120-122 and several studies 
have correlated changes in electrode structure and biofilm-anode performance of mixed 
cultures.123-124 In order to build upon these findings, and to eliminate the possibility that 
differences in performance were due to differences in the physiological profile of the mixed 
culture it is important to investigate whether changes in electrode surface morphology influence 
the ability of an electrode to spur biofilm formation in a pure culture and thus increase biofilm-
anode current production.  
 
The interface between a biofilm and an anode cannot be understood by evaluating the 
individual components (i.e. a bacterial species or electrode material). As a result, determining an 
electrode’s effect on biofilm formation requires simultaneous evaluation of the electrode’s 
properties and an understanding of the physiology of the bacteria in an electrochemical context. 
While one can easily measure the conductivity of an electrode and subjectively evaluate its 
surface morphology, accounting for the physiology of the bacteria is more challenging since a 
change in the environmental conditions can trigger different mechanisms of extra-cellular 
electron transfer (EET) in the bacteria.27, 125  
 
Studies on EET in a pure culture like Shewanella oneidensis MR-1 facilitate the 
determination of which EET mechanism is being used. For example, Marsili et al.27 revealed that 
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riboflavin is the shuttle being used by S. oneidensis during mediated electron transfer and 
showed that it is oxidized at a specific potential. This helps to explain its ability to respire the 
electrode as a planktonic biomass.26 Additionally, Baron et al.125 showed that S. oneidensis 
employs direct electron transfer at a distinctly different potential. Their use of cyclic 
voltammograms (CVs) of the anodes provide a way to reasonably identify, based on the 
reduction potential, which EET mechanism (mediated or direct electron transfer from a biofilm) 
is being used and to what extent. While the shape of cyclic voltammograms for reversible 
electron transfer for soluble mediators (i.e. riboflavin) is widely established,20 the presence of 
direct electron transfer from a biofilm and how it manifests itself in CVs for microbial fuel cells 
is a more recent discovery.33, 126 
 
Engineering electrodes for optimal biofilm-anodes can be improved by examining the 
effects of electrode properties on biofilm-anode formation and by devising experiments that 
incorporate the fundamental physiological findings in the literature,27, 125 biofilm kinetics,95, 127 
and bioelectrochemistry. Given that several engineering or modification studies have shown 
significant changes in biofilm colonization and formation when surface morphologies were 
changed for mixed cultures,122-124, 128-129 it is only appropriate to examine how this might affect 
the biofilm-electrode interface of a pure culture in which the electrode surface uniquely serves as 
both the substratum and the terminal electron acceptor. Using a pure culture removes any 
inconsistencies regarding the physiological profile of the community, the presence of scavengers, 
metabolic pathways that serve as electron sinks (e.g. methanogenesis), and the community 
dynamics associated with bacterial competition. 
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Here the effect of changing the morphology of the anode surface (i.e. decreasing the 
diameter of the electrode’s constituent material) on anode respiration/current production by S. 
oneidensis MR-1 is studied. Experiments were repeated twice however, only two sets of 
electrodes are described below. Amperometry was used to monitor current production over time, 
CVs were used to account for its electron transfer mechanisms and, the differences between 
electrode materials were qualified using scanning electron microscopy (SEM), conductivity 
measurements and, areal weight measurements.  
 
6.3 MATERIALS AND METHODS 
6.3.1 Electrode characterization 
Plain Toray carbon paper (PTCP), (TGPH-120, E-tek, USA), or carbon microfiber paper (CMF) 
and carbon nanofiber (CNF) mats (Applied Sciences, PR-19-XT-HHT) were used as anodes in 
this study. 1cm2 electrodes were cut from each sample and weighed to determine areal weight. 
Electrode conductivity was measured using a standard 4-point probe measurement.130 Electrodes 
were soaked in 1M sulfuric acid for at least 1 hr prior to installing in the reactor.  
6.3.2 Cell cultures 
Shewanella oneidensis MR-1 (ATCC 70050) was cultured aerobically in Luria-Bertani (LB) 
broth from a frozen stock and transferred to a medium with 20mM D-L lactic acid as the electron 
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donor. The medium also contained (per liter): 1.5g of NH4Cl, 0.92 (NH4)2SO4, 10ml vitamin 
solution, 10ml trace element solution, and 100mM phosphate buffer (pH 7.5). Phosphate buffer 
was made using sodium phosphate dibasic (Na2HPO4) and monopotassium phosphate (KH2PO4). 
The media was autoclaved and made anoxic by sparging with N2 gas.  Vitamin solution 
contained (per liter): 2.1g biotin, 2.2g folic acid, 11g pyridoxine hydrochloride, 8g thiamine HCl, 
5g riboflavin, 7g nicotinic acid, 7g calcium D-(+)-pantothenate, 0.7g vitamin B12, 5g p-
aminobenzoic acid, and 5g thioctic acid. Trace element solution contained (per liter): 0.018g 
Na2SeO3, 0.11g NiSO4-6H2O, 0.2g Na2WO4-2H2O, 2.14g nitrilotriacetic acid, 0.1g MgSO4-
7H2O, 0.1g MnSO4-H2O, 0.36 NaCl, 0.01g FeSO4-7H2O, 0.179g CoCl2-6H2O, 0.53g CaCl-
2H2O, 0.2g ZnSO4-7H2O, 0.2g CuSO4-5H2O, 0.01g AlK(SO4)2-12H2O, 0.009g H3BO3, and 
0.098g Na2MoO4.   
6.3.3 Micro-Electrolysis Cell (MEC) Operation 
The single-chamber 1-L reactor contained three working electrodes (each 1cm2) positioned 
equidistant from a single Ag/AgCl reference electrode and a counter electrode (6cm2). The 
counter electrode was made of PTCP with a 1000 Å thick layer of platinum deposited onto its 
surface via electron beam evaporation.48 A CH Instruments 1040A multi-channel potentiostat 
was used to maintain a potential of +0.043V vs. Ag/AgCl for each working electrode. Current 
was measured and recorded every 100 seconds (amperometric measurements). CV scans were 
conducted on a range from -0.7 to 0.3V at a rate of 2mV/s. The reactor was sparged with N2 gas 
and wrapped in aluminum foil during operation. The addition of fuel included injecting 10 ml of 
100mM lactic acid with 10ml trace element solution and 10ml vitamin solution. The reactor was 
stirred with a magnetic stir bar at 60rpm. 
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The experiments were initiated using sterile medium described above. After 2 days of 
abiotic operation, 10ml of LB media containing Shewanella oneidensis MR-1 was inoculated 
into the reactor. After two weeks of operation the anodes in the reactor were sacrificed for SEM 
images. The anodes were removed from the MEC, rinsed with phosphate buffer, and placed in a 
4% paraformaldehyde solution for ~15min, rinsed with de-ionized water and placed in a petri 
dish. These fixed electrodes were then set aside for imaging. The paraformaldehyde solution was 
made by adding 4g of paraformaldehyde to 70 ml of de-ionized water, heating the solution to 
70˚C, adding drops of 1N NaOH until the solution cleared, adding 9 ml of 1M phosphate buffer 
after the solution cooled and refrigerating it overnight.  
6.3.4 SEM 
Prior to examination, the fixed electrodes were sputtered with palladium using a Cressington 
Sputter Coater (108 Auto) for 30 seconds. Images of the anodes were taken before and after 
MEC operation for comparison. Images were taken using a JSM-6510LV SEM set at 20kV.  
 
6.4 RESULTS 
6.4.1 Current production 
The differences in current production between CNF and CMF working electrodes were 
monitored amperometrically (Figure 16). The CNF electrode generated several times more 
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current than CMF throughout the experiment and is comparable to current generation from 
previous experiments. (29) The superior performance by CNF is confirmed by the fact that it 
exhibited a ~10-fold increase in current over that of CMF and that after the substitution of new 
electrodes into the MEC on day 15, current production by both CNF and CMF returned to the 
same levels exhibited prior to electrode replacement. Again, current production by CNF was 
substantially higher.   
 
Figure 16. Amperometric data from a MEC inoculated with Shewanella oneidensis MR-1. Current 
production by carbon nanofiber mats/CNF (red) and carbon microfiber paper/CMF (blue) was monitored 
over a 4 week period. 
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6.4.2 Cyclic voltammograms 
Cyclic voltammetry was performed on both electrodes on day 2 and on day 15.  On day 2, the 
voltammograms for CMF and CNF are similar in amplitude and shape (Figure 17). However, the 
voltammograms taken on day 15 (Figure 17B) show that CNF is trending more towards a 
Nernst-Monod sigmoidal curve33, 126 while CMF maintains a similar shape to that exhibited on 
day 2. After fitting the CV data taken on day 15 to the Nernst Monod Model (Figure 17B) it is 
easy to see that the CV for CNF correlates better to the Nernst-Monod sigmoidal shape than the 
CV for CMF. 
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Figure 17. Cyclic voltammograms for carbon nanofiber mats/CNF (red) and carbon microfiber 
paper/CMF (blue) at Day 2 (top) and Day 15 (bottom) of the experiment. Day 15 was chosen because of the 
difference in current production. Electrode replacement took place after the CV. CVs were scanned from -
0.7V to +0.3V vs Ag/AgCl at 2mV/s. 
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6.4.3 SEM -images for biofilm colonization 
SEM images were used to demonstrate biofilm colonization on electrodes. Images in Figure 18 
show a distinct qualitative difference in the amount of biofilm formed on CNF mats versus CMF. 
Micrographs of the CNF electrode reveal a biofilm as well as outlines of individual cells (Figure 
18A and B) and are similar to other micrographs of S. oneidensis MR-1 biofilms on 
electrodes.131 On the other hand very little cell colonization or growth was observed on the CMF 
electrodes (Figure 18C and D). Figure 18E is a magnification of a single bacterium found on the 
CNF biofilm-electrode. 
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Figure 18. SEM images of increasing magnification of anodes evaluated in an MEC for 2 weeks and 
inoculated with Shewanella oneidensis MR-1. Images of both carbon nanofiber mat/CNF images (A and B) 
and carbon microfiber paper/CMF (C and D) were taken after elect rodes were fixed in paraformadelhyde 
solution. Images indicate the presence of a biofilm on the CNF electrodes. Bacteria are highlighted in (A and 
B). A magnified image of a single bacterium found on the CNF biofilm electrode is also shown (E). 
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6.4.4 Morphology of sterile electrodes 
The electrode features revealed in the micrographs in Figure 19 highlight the morphological 
differences between CNF and CMF.  The CNF mat shows a woven matrix of carbon nanofibers 
set upon a carbon scaffolding (Figure 19A) while CMF exhibits more of a rigid interlinked 
structure (Figure 19B). The typical diameter of the carbon fibers used in CMF are ~10μm while 
the carbon nanofibers are ~200nm in diameter (Figure 19D and E). Carbon nanofibers are more 
flexible and the carbon microfibers are linear and rigid. It is important to note the difference in 
morphology at the scale of a single bacterium when comparing electrodes in Figure 19 because 
the electrode features, relative to the size of the bacteria (i.e. 1-3 μm), are orders of magnitude 
different. CMF exhibits a constituent material (microfiber) with a serrated surface that is much 
larger (i.e. 10 μm) than a single bacterium. On the other hand, CNF exhibits a constituent 
material much smaller (i.e. 200 nm) than a single bacterium. In addition to these 
characterizations, physical and electrical properties of both electrodes are listed in the Table 2.  
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Figure 19. SEM images of increasing magnification of pristine carbon nanofiber mats (Images A, C, 
and E) and carbon microfiber paper (Images B, D, and F). 
 
 
 
 78 
6.5 DISCUSSION 
6.5.1 Differences in current production 
The shapes of the I-t (current vs. time) curves throughout the experiment are identical and differ 
primarily in magnitude, with CNF producing current up to a factor of 10 more. The length of 
time given to the bacteria to colonize the electrode and generate current is well beyond times 
allotted in various experiments for biofilm formation suggesting that the time allowed for 
bacteria to agglomerate on the surface is not an issue. 125, 131 However, determining whether the 
current was generated by a biofilm or a planktonic mass is important and can be elucidated using 
CV.  
 
6.5.2 Biofilm-based electron transfer 
CVs for an anode-respiring biofilm will exhibit different shapes than CVs for a planktonic 
biomass using mediators. Biofilms using conduction based electron transfer will have a 
voltammogram with a sigmoidal profile 33, 126 while mediated electron transfer (planktonic 
biomass) will often show simple oxidation and reduction peaks.19  
The shapes of the voltammograms taken on day 15 (Figure 17) show that CNF is trending 
toward a sigmoidal curve, like that of the Nernst-Monod model, while the shape of the 
voltammogram for CMF shows no significant changes from day 2. The fact that CNF correlates 
better with its Nernst-Monod model fit suggests that it formed a more complete conducting 
biofilm-electrode than CMF. Specifically, the sigmoidal profile generated by CNF on the 
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forward scan and the decrease of the reduction peak on the reverse scan support this trend in the 
CNF voltammogram. The fact that most of the current for CNF is generated above the redox 
potential of riboflavin (-0.41V vs Ag/AgCl) also supports the idea that mediated transfer was not 
responsible for the increase in current production. This suggests that electricity from the CNF 
electrode is being produced by electron transfer from a biofilm. The SEM images in Figure 18 
confirm that CNF has formed a substantial biofilm on its surface relative to CMF. 
 
6.5.3 Comparison of electroactive surface area and kinetics using CVs 
There is no indication in the CVs (Figure 17) that CNF has a significant advantage because it has 
more electroactive surface area. If the increased current production by the CNF electrode were 
merely a function of surface area, the shape of the voltammogram for both electrodes would be 
identical differing only in the magnitude of current production. In other words, the shapes of the 
voltammograms would look the same, but the voltammogram for CNF would be shifted up 
vertically because of higher current production.  
Since a kinetic advantage is often obtained from electron transfer for materials that are 
similar in size with its reductant (i.e. cytochromes or mediators)132 it is important to account for 
the size disparity between the constituent materials for the electrodes (i.e. the size difference 
between carbon nanofibers and carbon microfibers). If the voltammogram for the CNF electrode 
is shifted horizontally to the left, relative to the voltammogram of the CMF electrode, this would 
indicate that CNF is more efficient than CMF at catalyzing the reaction. In the voltammograms 
of Figure 17 (top), the horizontal positions for the onset of current are identical; neither electrode 
displayed a kinetic advantage (i.e. no large decrease in the activation overpotential).  In other 
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words, the similarity between the voltammograms taken on day 2 (Figure 17 (top)) suggests that 
neither electrode possessed improved catalytic properties.  
As a result, the advantage of using CNF is not due to higher specific surface areas (i.e. 
higher concentration of active sites) or faster kinetics. This may mean that other factors (i.e. 
electrode conductivity and electrode morphology) contributed to the increased current production 
and biofilm formation on CNF.  
6.5.4 Differences in electrode conductivity 
Electrode conductivity is a function of areal weight (mass/geometric surface area). A more 
densely packed material (i.e. higher areal weight) translates into a smaller resistance to current 
(i.e. high conductivity). CMF has a larger areal weight and a higher conductivity yet it is CNF 
that produces more biofilm and more current. It seems that the smaller conductivity of CNF does 
not affect the formation and performance of its biofilm-electrode.  
A recent study by Malvankar et al.133 showed, for Geobacter sulfurreducens, that there is 
a direct correlation between conductivity of the biofilm and current production. They observed 
biofilm conductivities as high as 0.5 S/m.  In our studies, CNF showed a conductivity of 1,300 
S/m while CMF had a conductivity of ~15,500 S/m (see Table 2.) The differences in these values 
support the idea that the conductivities for CNF and CMF have no significant effect on 
differences in current production because both conductivities were substantially greater than the 
highest reported biofilm conductivities and because the electrode that performed better, CNF, 
had the lower conductivity. Additionally, even with electrode materials with higher resistivities 
Chen et al.123 was able to generate much higher current densities with mixed cultures suggesting 
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that for general electrode materials there is not a strong correlation between 
resistivity/conductivity and current density. 
  
Table 2. Electrode Properties for Carbon Microfiber Paper and Carbon Nanofiber Mats 
 Carbon Microfiber Paper Carbon Nanofiber Mats 
Area Wt (g/m2) 161 40 
Thickness (cm) 0.038 0.015 
Bulk Resistivity (Ohm-cm) 0.006 0.075 
Measured Sheet Resistivity (Ohm/Square) 0.17 5 
Avg. diameter of constituent material 10μm 0.2μm 
Bonding sp2 sp2 
Surface Modifications None None 
6.5.5 Toxicity 
Since both CNF and CMF were sourced from different manufacturers there is the potential that 
CMF did not produce a substantial biofilm because toxins (e.g. metals) were present in the 
electrode. To address this issue I took samples of both CNF and CMF and examined them using 
energy dispersive x-ray (EDX) spectroscopy. 1cm2 samples were placed in a SEM (JEOL JSM-
6510LV/LGS) equipped with an Oxford X-Max large area Silicon Drift Detector with an INCA 
microanalysis system (INCA Energy). The spectra and the quantitative results can be seen in 
Figure 20Error! Reference source not found..  
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Figure 20. Energy Dispersive X-ray (EDX) Spectra of both carbon nanofiber mats and carbon 
microfiber paper. The quantitative results are in the right hand column. Both samples recorded spectra 
indicating that there was no presence of any trace metals or known bacterial toxins. 
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The spectra shown for both CMF and CNF illustrate that the samples were made of carbon. Both 
the elemental weight percentage and the atomic percentage of the samples were 100% carbon 
and there were no trace elements or stray peaks, particularly from metals such as Fe(III), Co(III), 
U(VI), Tc(VII), V(V), Ag(I) all of which can serve as electron acceptors for Shewanella 
oneidensis MR-1 134-135  and some of which have been shown to be toxic to Shewanella 
oneidensis MR-1 in high concentrations (175μM for Cr(IV), 100μM for  Ag(I), and 0.5-20mM 
Co).136-138 However, it is important to note that the sensitivity of EDX  is approximately 0.1% 
suggesting that the presence of additives may be present below this concentration.139   
An examination of the manufacturing process showed that CNF was grown via chemical vapor 
deposition (CVD) using an iron (Fe) catalyst. Technical data on CNF ( www.apsci.com) showed 
that the electrodes are made of pure carbon and the amount of iron catalyst present in the carbon 
nanofibers, after they are graphitized (i.e. heated to 3000˚C), is less than 100ppm or 0.01%.  
On the other hand, CMF paper is a carbon-carbon composite and its manufacturing process does 
not use a catalyst or known toxins and any resins used are carbonized by the process. The fibers 
are made by the carbonization and graphitization of carbon precursors (i.e. polyacrylonitrile)140-
141 through which non-carbon atoms are excluded (~1600°C) and the orientation of the basal 
planes and stiffness of the fibers improved (> 2000°C).142 In other words the carbon is distilled 
via pyrolysis and reordered using heat as opposed to grown using CVD. Technical information 
on the manufacturer’s website (www.toray.com) lists that fibers can have a combined sodium 
(Na) and potassium  (K) concentration of up to 50ppm. Additional inquiries to both the suppliers 
and Toray Industries revealed that that an elemental analysis of the carbon paper showed 0.2μg/g 
of barium (Ba). The presence of Ba is assumed to originate from the water-intensive 
papermaking process since Ba is commonly found in finished waters.143 All other elements tested 
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for (i.e. Cd, Cr, Pb, Ar, Se, Hg) were below the detection limits. (Toray Industries Tacoma, WA, 
personal communication).  
Given the Ba concentration of 0.2μg/g , the size of the electrodes (1cm2) and that the areal wt. of 
CMF (161g/m2, see Table 2) means that a total of 3.22ng/L (2.3x10-11 M) of Ba would 
potentially be present in the reactor. Since this concentration is four orders of magnitude less 
than the mean Ba concentration of US surface waters (43μg/L)143, there is no report in the 
literature of toxicity of barium on Shewanella oneidensis MR-1, and Toray carbon paper is 
commonly used as an electrode in MFCs,144 I assumed that the concentration was negligible and 
that it posed no toxicity issues for Shewanella oneidensis MR-1. Addtionally, since the salts used 
for the phosphate buffer in this experiment (see Materials and Methods) provided a much higher 
concentration (mM range) of Na and K in the solution, I assumed as well that the 50ppm 
concentration in CMF would also present no toxicity issues for Shewanella oneidensis MR-1.  
Finally, given CNF’s areal wt. of 40g/m2 (see Table 2) and the potential presence of 
50ppm of Fe means that for the 1cm2 CNF electrode an additional 0.4μg (7nM) could be 
available to the CNF biofilm. When compared to the Fe provided by the addition of the trace 
element solution (0.1mg FeSO4-7H2O in 10mL  or  0.36μM for the 1L reactor), the additional Fe 
provided by the CNF electrode to Shewanella oneidensis MR-1, if available to the bacteria, is 
assumed to be negligible.    
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6.5.6 Biofilm formation 
The drastic differences in biofilm formation by S. oneidensis MR-1 (see Figure 18) are less 
surprising when we consider that it can also respire electrodes as a planktonic biomass and that 
single physical mutations to S. oneidensis MR-1 have been shown to have profound effects on 
biofilm formation. For example, previous studies of biofilm formation by S.oneidensis MR-1 
showed that the presence of the flagellum, swimming motility, presence of a mannose-sensitive 
hemagglutinin type IV pilus, and pilus retraction played a significant role in the ability for S. 
oneidensis MR-1 to form a biofilm. Specifically, the lack of a flagellum decreased the 
concentration of biomass (decreased biofilm formation), the lack of motility prevented the 
formation of a pronounced three dimensional biofilm architecture (bulk structure), the mutants 
defective in mannose-sensitive hemagglutinin type IV pilus biosynthesis had defects in initial 
attachment and the mutant defective in pilus retraction displayed poor propagation of the biofilm. 
131 In addition, another study showed that mutants lacking the gene pilD (indicated in Type IV 
pilin production) and the protein secretion genes gspG and gspD  produced less current in MFCs 
relative to the wild-type S. oneidensis MR-1. The images of the electrodes used in those 
microbial fuel cell experiments with the mutant lacking pilD revealed a lack of biofilm as 
compared to the wild- type.145 These previous studies provide a foundation from which to 
investigate how morphology affects different phases of biofilm formation at a molecular and 
genetic level but, more importantly they highlight that small changes in how a cell interacts with 
its environment can have significant consequences for the entire biofilm. As the change in an 
substratum structure has affected biofilm formation in studies with mixed cultures 122-124 it is 
important to examine the differences in electrodes morphology here for this pure culture.  
 
 86 
6.5.7 Impact of electrode morphology 
A single bacterium of S. oneidensis MR-1 attaching to the surface of CNF would be in contact 
with multiple nanofibers (Figure 19 (a), (c), (e)) but would cover only a portion of a single 
microfiber of CMF (Figure 19 (b), (d), (f)). Since the bacteria adhere to the features of the 
electrode it is important that the space between the features of each electrode be within a distance 
that bacteria can effectively collaborate. This distance, while not established quantitatively, has 
been shown to influence biofilm formation in medical studies.122 That same influence is 
mimicked here as the tighter spacing/morphology of the CNF electrode spurs on better biofilm 
formation. 
Ultimately, the CNF electrode generated more current (Figure 16), exhibited a 
voltammogram that showed the current was being generated by a biofilm (Figure 17), and 
showed substantial coverage by bacteria when examined under a SEM after the experiment 
(Figure 17). Since the electrodes were exposed in the same reactor at the same time, differences 
in current production are best explained by differences in the nature of the electrode materials.  
The advantage typically associated with CNF is the increased surface area146 , better 
kinetics 147, and high conductivity 148. In this case however, the advantage of using CNF 
electrodes was its electrode surface morphology that was more amenable to bacterial 
colonization and biofilm formation. This supports the novel idea that adjusting the size of the 
electrode constituent material to one that is more amenable for bacterial colonization and growth 
was important because it produced a more substantial biofilm-anode and led to an increased 
current production.  
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6.6 CONCLUSION 
In this experiment, S. oneidensis MR-1 produced significantly more current with CNF than 
CMF. The examination of sterile electrodes showed that CNF and CMF differed in morphology, 
surface area, size of the constituent material, and conductivity. After accounting for differences 
in surface area, size of the constituent material, and electrode conductivity the results suggests 
surprisingly that the morphology (i.e. tighter spacing/size of the features) of the electrode surface 
of CNF is what enables the formation of electricity producing biofilms by S. oneidensis MR-1 
relative to CMF. It may be that CNF morphology provides a preferential surface for colonization 
or a more habitable environment for biofilm growth yet these are subjects for future biofilm 
studies. In either case, changing the electrode morphology seems to play an important role in 
biofilm-electrode formation and current production for Shewanella onedensis MR-1.  
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7.0  THE EFFECTS OF CARBON ELECTRODE SURFACE MORPHOLOGY ON 
BIOFILM-ANODE PERFORMANCE (BY GEOBACTER SULFURREDUCENS) USING 
PLATELETS AS A CONSTITUENT MATERIAL (GRAPHENE-NANOPLATELETS) 
In order to further validate the claim that electrode surface morphology plays a significant role in 
the performance of a biofilm-anode I chose to test the hypothesis using a different carbon-based 
constituent material for the electrode. I chose a plate-based nanomaterial (graphene-
nanoplatelets) as the constituent for the electrode and decided to use Geobacter sulfurreducens 
as the innoculant. Geobacter sulfurreducens was chosen because it typically produces a 
substantial amount of current and its bio-electrochemical physiology has been well studied. The 
use of a different electrode constituent material would afford us a completely different 
morphology type and the higher performing bacterial strain would serve to magnify differences 
in biofilm-anode current production. Additionally the materials used in this experiment were 
sourced from the same manufacturer and fabricated in the same way thus eliminating the need to 
address differences in material chemistry.    
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7.1 SUMMARY  
The use of nano-materials, like graphene, as electrodes is an important development in 
bioelectrochemical research. Given an electrode material, anode-respiring bacteria will typically 
optimize their metabolism and biofilm structure and produce current. However, different 
electrodes produce different optimized biofilms and not all optimized biofilms are equal in mass 
and current production. Determining how electrodes affect biofilm-electrode current production 
is crucial for technology development, especially for new materials like graphene. Graphene-
nanoplatelet-based electrodes provide an opportunity to determine whether increases in current 
density from graphene type materials are a result of its heightened reactivity, increased surface 
area, or if general parameters such as surface morphology play a significant role. More 
importantly graphene-nanoplatets allow us to examine the effect of the morphology on biofilm-
electrode performance from a plate-based electrode constituent material.  
 
 Here I examine the effect of electrode morphology (i.e. altering the size of graphene-
nanoplatelets) on biofilm-electrode current production in a microbial fuel cell inoculated with 
Geobacter sulfurreducens. Using current production profiles, cyclic voltammetry, 
electrochemical impedance spectroscopy, the Nernst-Monod conduction model and the current 
understanding of bioelectrochemical physiology of Geobacter sulfurreducens I am able to 
determine that surface morphology, more than surface area, plays a fundamental role in current 
production by biofilm-electrodes that use graphene nanoplatelets. 
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7.2 INTRODUCTION 
Since increases in performance (i.e. current production) can be attributed to an increase in 
surface area, electrode reactivity, electrode surface morphology, or the bacterial physiology, 
isolating what significantly affects current production from biofilm-electrodes, especially when 
using highly productive strains such as Geobacter sulfurreducens, remains a complex challenge 
and an important aspect of bioelectrochemical research.  
 
Multiple studies have demonstrated that the modification of electrodes can improve 
performance (i.e. current production or acetate synthesis) of biofilm-electrodes.47, 109, 111, 149The 
use of conductive polymers 53, porphyrins 54-55, metal catalysts48, 52, 56, and different carbon based 
electrodes109, 150-151 have all shown increased current densities in their respective systems. Even 
for electrodes based on the same material there have been differences in biofilm-electrode 
current production.124 
 
Many of these studies have attributed increased current density to an enhanced 
electrochemical activity (e.g. reduction in the activation energy barrier) 52, 152-154or an increase in 
surface area113. As a result, there has been a particular focus on employing nano-materials such 
as carbon nanotubes 117, 155, nanostructured polymers156, and nanoparticles2, 152 in order to take 
advantage of their enhanced electrical, physical, and chemical properties that would increase 
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both surface area and reactivity. One material presently being studied for use in bio-
electrochemical systems is graphene.151   
 
The promise of graphene, introduced as an engineering material in 2004157, is a primary 
focus for nano-materials because of its superior physical and electrical properties. Its heightened 
electrical conductivity, mechanical strength, and chemical reactivity have a host of research 
groups studying different applications.158 Graphene is a single atom-thick layer of carbon which 
makes it very versatile for engineering applications. Coupled with the fact that it is a carbon-
based material of which there is an abundant supply, this material could potentially enhance 
current production from biofilm-electrodes cost effectively. 
  
Biofilms grown on graphene-based electrodes could potentially take advantage of its high 
conductivity and reactivity159  to decrease both the ohmic and electron transfer resistances.160-161 
Graphene has already been used to develop sensors162  and increase biofilm conductivity.163 It 
has been incorporated into bio-cathodes 163, used as an anode sponge151, generated by the 
reduction of graphene oxide by Shewanella164, and used as a biosensor.162   
 
The major issue with understanding graphene’s effect on biofilm-electrode performance 
is that it is difficult to distinguish between the contributions from its reactivity, increased surface 
area and surface morphology. The challenge of isolating the influence of each of the electrode’s 
properties in a complex bio-electrochemical system is compounded by the fact that the bio-
electrochemical physiology for most bacterial strains continues to be understood165 and that it 
changes with environmental conditions.166 Despite the findings in the literature, the variations 
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between experiments (e.g. catalyst and electrode materials, fuel cell setup, bacterial strain, 
operational conditions) make it difficult to determine what is fundamentally happening between 
the bacteria and electrode. 
 
In order to better understand the benefits of incorporating nano-materials such as 
graphene into biofilm-electrodes, it is important to determine whether graphene enhances 
biofilm-electrode current production via its heightened reactivity, increased surface area or 
surface morphology.  One can tease out these different effects by combining electrode 
fabrication methods that allow the alteration of the constituent material size and a bacterial 
strain, whose physiology is well-documented,165-167  in a MFC experiment. Using graphene nano-
platelets which can be manipulated to control for platelet size, bulk resistivity, surface area, and 
pressed into a paper electrode presents one such option.  
 
  Studies on the bio-electrochemical physiology of Geobacter sulfurreducens provide 
important insights such as the fact that biofilm expansion and not increased colonization is the 
primary contributor for increased current generation during the initial stages of biofilm-electrode 
development. Additionally, it was shown that following initial attachment, growth rates on 
electrodes are similar to those of planktonic cells respiring Fe (III)-citrate thus precluding that 
the electrode is deficient as an electron acceptor.166 Another finding suggests that electron 
transfer between cells and the electrode is not the limiting step in the electron transfer process 
because the diffusional limitation seen in the electron transfer analysis is indicative of the 
transfer of electrons to the biofilm-electrode interface being slower than the transfer across the 
interface.166 These findings, along with the use of the aforementioned graphene-nanoplatelet 
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electrodes, can enable one to learn how graphene-nano platelets affect biofilm-anode current 
production in MFCs.  
 
Here I evaluate the effect of graphene nano-platelets on MFC performance using 
Geobacter sulfurreducens. When simultaneously tested under the same conditions graphene 
nano-platelet electrodes that differ mainly in the size of the constituent platelets manifested 
differences in current production. Cyclic voltammetry (CV) was used to qualitatively monitor the 
evolution of the biofilm-anode while Electrochemcial Impedance Spectroscopy (EIS) was used 
to determine the solution and polarization resistance. From these results I found that the 
electrode with less surface area performs significantly better and are able to extrapolate that the 
surface morphology is responsible for the differences in performance. 
 
7.3 MATERIALS AND METHODS 
7.3.1 Electrodes 
Graphene Nano-platelet electrodes were custom designed (see Table 3) and procured 
from XG Sciences (Lansing MI, USA). The nano-platelets were incorporated into a cellulose 
based scaffold to form a paper-like sheet. GNP-50μm was made using H-50 particles and GNP-
1μm was made using C-300 grade particles. Both were manufactured to have the same in-plane 
conductivity. GNP-50μm, GNP-1μm and the cellulose paper (control) were evaluated in the 
MFCs. The electrodes were cut to 1cm2 squares and used as MFC anodes. MFC cathodes were 
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made of 1 cm2 graphite felt (GC-14, Electrolitica) squares. Platinum wires connected the 
electrodes to a Keithley meter. 
 
7.3.2 Culture and Media 
NBAF medium 
Geobacter sulfurreducens (ATCC: PCA 51573) was initially grown in anoxic NB 
medium168 supplemented with 15mM acetate and 40mM fumarate. 
 
FWFA (200ml bottles) 
A solution containing (per liter) 2.5g sodium bicarbonate (NaHCO3), 0.25g ammonium 
chloride (NH4Cl), 0.06g sodium phosphate monobasic/monohydrate (NaHPO4 x H2O), 0.1g 
potassium chloride (KCl), 10mL vitamin mix (45-46), 10mL mineral mix(44), 40mL of 1 M 
fumerate solution (C4H4O4), 1.36 sodium acetate tri-hydrate (CHCOONa x 3H2O). 
 
FWA (200ml bottles) 
A solution containing (per liter) 2.5g sodium bicarbonate (NaHCO3), 0.25g ammonium 
chloride (NH4Cl), 0.06g sodium phosphate monobasic/monohydrate (NaHPO4 x H2O), 0.1g 
potassium chloride (KCl), 10mL vitamin mix (45-46), 10mL mineral mix (44), 1.36 sodium 
acetate tri-hydrate (CHCOONa x 3H2O).  
 
Geobacter sulfurreducens was grown in NBAF medium and then transferred into FWFA 
(10% innoculum) when inoculating the MFCs. After current generation FWA was flowed 
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through the reactor. All solutions were autoclaved and all solutions used as a growth medium 
were sparged with 80:20 mix of N2:CO2 gas to maintain anaerobic conditions.  
 
7.3.3 Microbial Fuel Cell Assembly and Operation 
The MFCs, with 10ml volumes for both the anode and cathode chambers, were gas 
sterilized for 12 hrs using ethylene and assembled in a sterile container. Anode and cathodes 
were placed into the MFCs and a proton exchange membrane (Nafion 117, 1.25” x 1.25”) was 
inserted between them. A Ag/AgCl reference electrode was inserted into the anode chamber for 
electrochemical measurements and a 560 ohm resistor served as the electrical load between the 
half-cells. The reactors were connected to a personal computer via a Keithley meter which 
collected voltage data every hour.    
 
The growth media (described above) and catholyte were recycled through the reactors 
using a peristaltic pump (Cole Parmer) at a rate of 0.5ml/min. After the potential stabilized, the 
anode bottles were inoculated with 20ml of PCA 51573 from lab stock culture. When the OD600 
(Optical Density at 600nm) reached 0.2 (exponential growth phase) FWFA media was replaced 
with FWA media and was pumped through (no recycle) the anode chamber at a reduced rate of 
0.1ml/min. The catholyte was composed of a solution containing (per liter) 3.63g Trizma Base 
(T6066), 0.25g ammonium chloride (NH4Cl), 0.06g sodium phosphate monobasic/monohydrate 
(NaHPO4 x H2O), 0.1g potassium chloride (KCl), and 10mL of 1 M potassium ferricyanide 
(C6N6FeK3). 
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7.3.4 Electrochemical Measurements 
Electrochemical impedance spectroscopy was used to describe the internal resistance 
experienced by each anode. Measurements were taken before inoculation and after current had 
reached a maximum. A Solartron Analytical 1252A Frequency Response Analyzer and Solartron 
SI 1287 Electrochemical Interface was used to conduct the tests. The working reference and 
working electrode leads were shorted and connected to the anode. The reference electrode lead 
was connected to the Ag/AgCl electrode placed in the anode chamber and the counter electrode 
lead was connected to the cathode. The excitation signal had an amplitude of 10mV with an 
initial frequency of 300kHz and a final frequency of 0.1Hz.  The electrodes were also evaluated 
before and after inoculation using cyclic voltammetry. CV scans were conducted from -0.8V to 
0.3V at a scan rate of 10mV/s.    
7.3.5 SEM Images 
Images of sterile graphene nano-platelet electrodes were taken using a JSM-6510LV 
SEM set at 20kV. Magnifications of x45, x 330, and x5000 were captured and used for visual 
comparison. 
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7.4 RESULTS AND DISCUSSION 
7.4.1 Electrode characterizations 
The electrodes were manufactured by pressing graphene-nanoplatelets into a cellulose 
scaffold. The in-plane conductivities were designed to be the same so that the main differences 
between the electrodes would be the sizes of the constituent material and the total surface area. 
These are confirmed by the results in Table 3. From a bio-electrochemical perspective, the 
differences that are important for current production from a biofilm-electrode which should be 
accounted for are the differences in reactivity, surface area and surface morphology. Since both 
electrodes are made from graphene-nanoplatelets, any increase in reactivity would be due to an 
increase in surface area or the number of reactive sites and not due to a change in the chemistry 
of the reaction. As a result the important parameters to be considered further in this study are 
narrowed down to the surface area and surface morphology.    
Table 3. Electrode Properties for Graphene-Nanoplatelet electrodes. 
Property GNP-1μm GNP-50μm 
Nano-platelet thickness (nm) ~2 11-15 
Particle Size distribution with Avg. Diameter (μm) 1-2 
(based on <um particles) 
~50 
Electrical Conductivity-Parallel to Surface (S/m) 2.2 x 105 2.2 x 105 
Electrical Conductivity through plane (S/m) 2.8 33 
Surface Area (m2/g) 300 50 
Bonding sp2 sp2 
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7.4.2 Current Density 
Current production, as seen in Figure 21 started within 24 hours after inoculation. Current 
rose exponentially over the next few days for both electrodes. After a week of operation GNP-
50μm and GNP-1μm were steadily generating 0.8 mA/cm2 and 0.5 mA/cm2 respectively. The 
reactors were inoculated at the same time using the same method and the same strain suggesting 
that the differences in current production are due to the differences in the electrode materials. It 
is important to note that while GNP-1μm boasted the highest electrode surface area it does not 
generate the most current. Also important is the fact that GNP-1μm reached 300 μA/cm2 first, a 
point after which it has been shown that cell-doubling, and not further electrode colonization, is 
responsible for additional increases in current production.166 
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Figure 21. Current Density from MFCs inoculated with Geobacter sulfurreducens. GNP-50μm(blue) 
and GNP-1μm (red) were tested for a duration of three weeks with FeCN as the catholyte. Maximum current 
densities are 0.8mA/cm2  and 0.5mA/cm2  for GNP-50μm and GNP-1μm respectively. 
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The MFCs were run for a total of three weeks. GNP-50μm outperforms GNP-1μm 
through the entirety of the experiment, almost doubling the current production from GNP-1μm. 
At ~180th hr the MFCs were put into flow through mode. The flowrate was reduced from 
0.5ml/min to 0.1ml/min at which point the current production for GNP-1μm leveled off while 
current production continued to increase exponentially for GNP-50μm. The reactors were being 
fed from the same bottle so differences in media or flow conditions could not explain the 
disparity in performance.  
 
It was assumed that the limit to maintaining the highest level of current production would 
be the depleting concentration of FeCN in the catholyte. At the ~350th hr the pumps feeding the 
catholyte were turned off. The catholyte solution was then replenished and the pumps 
reactivated. Immediately, current production recovered for both MFCs. The current density in 
the second half of the experiment followed the same discharge profile as the first half thus 
confirming that GNP-50μm significantly outperforms GNP-1μm. There are two other important 
things to note, 1) replenishing the catholyte enabled GNP-50μm to return to peak current 
production, demonstrating that the catholyte was the limiting factor for current production for 
GNP-50μm  and 2) the current production for GNP-1μm remained constant even after replacing 
the catholyte. This demonstrates that the limiting reaction for GNP-1μm was the current 
production from the biofilm-anode. 
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7.4.3 Cyclic Voltammetry 
The results from all CV measurements are shown in Figure 22. Figure 22A and B show 
the CVs before inoculation and during peak current production (~230th hr) for GNP-50μm and 
GNP-1μm respectively. The initial CVs were taken when no bacteria were present in the system 
so the higher charging current (i.e. capacitance) shown by GNP-50μm is due to the electrostatic 
interaction with the solution and not with any interactions of the biofilm-electrode interface.  
Since electrostatic interactions did not inhibit biofilm colonization for either electrode, as noted 
by the early onset of current production for both electrodes, the shifts in CVs can be used to 
examine the expansion of the biofilm on the electrode.   
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Figure 22.  Cyclic Voltammograms from MFCs inoculated with Geobacter sulfurreducens. CVs taken 
before inoculation and at peak current production are shown for (A) GNP-50μm and (B) GNP-1μm with 
graphical fit of Nernst-Monod model shown in green.  Inset (C) compares the Nernst-Monod fits from both 
(A) and (B) and describes the biofilm electrode evolution in terms of half-saturation potential Eka (volts) and 
biofilm conductivity kbio (mS/cm). 
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As a biofilm expands on the anode, current production will increase because of an 
increase in the number of respiring bacteria. The growth of bacteria increases the concentration 
of redox proteins that functionalize the anode and moves the electrode’s open circuit potential 
closer to the mid-point potential of the redox proteins (e.g. outer membrane cytochromes) being 
employed by the bacteria. This is illustrated by the fact that the open-circuit potential for both 
GNP-1μm and GNP-50μm shifted from positive potentials to about -400mV vs Ag/AgCl at peak 
current production.  
 
The development of the biofilm-anode also creates an upward shift in the CV relative to 
the initial CV and ultimately, for a fully developed biofilm-anode, turns into a sigmoidal curve 
following the Nernst-Monod model.33 This sigmoidal curve is indicative of a biofilm-anode that 
is limited or governed by the bacterial metabolism.126 For Geobacter sulfurreducens this 
limitation is thought to be a diffusion limitation of electrons to the terminal redox centers.166  
The CVs for both electrodes shift to the left during peak current production. The shifts 
demonstrate the reduction in the electron transfer resistance and which is expected as a biofilm 
expands on the anode.169-170 The decrease in electron transfer resistance is due to the fact that the 
number of protein conformational changes decreases with the amount of adsorbed proteins.171 
The reason is that as the biofilm grows and the concentration of proteins increases, the proteins 
are less likely to denature because of the spatial and electrostatic confinement provided by 
surrounding proteins and are thus more likely to be conjugated to the electrode surface. As a 
result, as the concentration of proteins attached to the electrode increases both the open circuit 
potential and mid-point potential shifts to more negative values (i.e. to the left in the CV). The 
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shift to the left and the sigmoidal curve are more pronounced in Figure 22A for GNP-50μm 
indicating the presence of a more developed biofilm and thus explaining the higher current 
production. 
 
Each CV during peak current production was graphically fitted with the Nernst-Monod 
conduction-based model126 and the values of the half-saturation potential (Eka) and biofilm 
conductivity (kbio) were extracted. In Figure 22C both of the modeled CVs are compared. In 
addition, the Eka and kbio values were used to linearly interpolate the electrochemical evolution of 
the biofilm-anode from the lower performing GNP-1μm to the higher performing GNP-50μm. 
This was done since the anodes were not poised at a specific potential. The values are given in 
the figure and demonstrate the expected gradual changes for Eka and kbio as a biofilm-anode 
develops from the state of GNP-1μm to the state of GNP-50μm. Essentially, as the biofilm-anode 
grows the Eka decreases from -0.13V to -0.33V and kbio increases from 0.2 to 1.2 mS/cm. These 
changes are expected as a biofilm grows and as proteins (i.e. c-type cytochromes) accumulate at 
the bacterial outer membrane 167 or in the biofilm matrix.172 The differences in Eka and kbio values 
help qualify and explain the large differences in current production between GNP-50μm and 
GNP-1μm and thus confirming the notion that GNP-50μm has a more complete biofilm-anode. 
 
7.4.4 Electrochemical Impedance Spectroscopy (EIS) 
EIS was used to measure the distribution of resistances in the MFC before inoculation. 
The resulting spectra are shown in Figure 23. Using the simplified Randles cell as an equivalent 
circuit model (Figure 23 inset) the solution resistance for the MFCs for both GNP-1μm and 
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GNP-50μm are ~10ohms. The polarization resistances which can be extracted from the y-
intercept of the model spectra show that the resistance for GNP-50μm (~10 ohms) is slightly 
smaller than the polarization resistance for GNP-1μm (~50 ohms). These differences can be 
attributed to differences in through plane conductivity (~33S/m for GNP-50μm and ~2.8 S/m for 
GNP-1μm) and are negligible for several reasons: 1) GNP-1μm was the first electrode to produce 
a substantial amount of current (80μA/cm2 at 50th hr in Figure 21.) so the increased polarization 
resistance did not inhibit colonization or electron transfer from Geobacter sulfurreducens and 2) 
the differences in polarization resistance could not account for the disparity in peak current 
production  
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Figure 23. Electrochemical Impedance Spectra of the anode before inoculation. Spectra was 
generated using an excitation signal amplitude of 10mV with an initial frequency of 300kHz and a final 
frequency of 0.1Hz. Figure inset is a depiction of the Randles circuit used to model the spectra where Rs = 
solution resistance, Cdl = doubly layer capacitance, and Rp = polarization resistance. 
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7.4.5 SEM Images 
The SEM images in Figure 24 illustrate the differences in surface morphology for the 
graphene nano-platelet electrodes. The roughness created by the intersection of nano-platelets is 
disclosed at a different magnification for each electrode. A comparison of Figure 24A and C 
show that at the larger scales GNP-50μm has a rougher surface while the finer resolution of 
Figure 24B and D highlights the smaller particles, higher surface area and roughness of GNP-
1μm. The difference in surface area (GNP-1μm ~ 300m2/g) and GNP-50μm ~ 50 m2/g) is best 
exemplified in Figure 24B and D. Figure 24E was inset to provide an overview of the 
composition of a nano-platelet electrode at a lower magnification.    
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Figure 24. SEM Images of sterile graphene-nano-platelet electrodes used to demonstrate differences 
in surface morphology. (A) GNP-1μm (B) Magnified image of GNP-1μm (C) GNP-50μm (D) magnified image 
of GNP-50μm and (E) large scale image of the electrode material as a whole. 
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Ultimately, both electrodes were made from graphene-nanoplatelets and tested 
simultaneously under the same conditions leaving the explanation for the differences in current 
production to be justified by the differences in surface area or surface morphology. The current 
production profiles demonstrated that both electrodes had well developed biofilms. Although 
GNP-1μm had the highest surface area of graphene exposed it failed to produce the most current 
thus demonstrating that surface area was not the limiting factor for these electrodes. 
Additionally, after the catholyte was replaced, only GNP-50μm reached the peak current 
production of 0.8 mA/cm2 during the three week experiment showing that while GNP-50μm was 
cathode limited GNP-1μm was limited by the biofilm-anode reaction.  
 
The shifts in the CV and the graphical use of the Nernst-Monod model to quantify the 
differences in half-saturation potential (Eka) and the biofilm conductivity (kbio) confirm that 
GNP-50μm had the more complete biofilm-electrode. The EIS results showed similar 
polarization resistances but neither resistance inhibited colonization since the open-circuit 
potential for both electrodes at peak current production was ~ -400mV vs Ag/AgCl. The results 
illustrate that when electrodes are made of a highly reactive plate-shaped material (e.g. graphene-
nanoplatelets) the electrode surface morphology plays a critical role in biofilm-electrode 
formation.    
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7.5 CONCLUSION 
I presented an analysis of graphene-nanoplatelets electrodes that differed in the size of 
the constituent material, surface area, and surface morphology. Testing them simultaneously 
under the same MFC conditions I found that the electrode with much less surface area (GNP-
50μm) exhibited a higher current production. Quantifying the solution and polar resistances of 
both electrodes with EIS and qualifying the development of the biofilm-electrode in terms of Eka 
and kbio (i.e. Nernst-Monod model) I demonstrate that the biofilm on the electrode with less 
surface area (GNP-50μm) has a more developed biofilm. After ruling out chemical reactivity and 
surface area as reasons for the improved performance I conclude that it is the surface 
morphology that plays a critical role in developing a biofilm-electrode for peak performance for 
graphene-nanoplatelet electrodes.   
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8.0  SUMMARY AND OUTLOOK 
In summary, I have shown that incorporating platinum nanoparticles throughout both the anode 
and the cathode electrodes provides a more efficient use of the platinum catalyst, relative to 
surface deposition, for increasing MFC current density because it increases the catalyst surface 
area. Specifically, the incorporation of platinum nanoparticles increased the mass-specific 
current density for the anodic reaction and cathodic reactions by a factor of 1.5 and 4 
respectively. The fact that increasing catalyst surface area is an effective method for increasing 
MFC current density is surprising given that hydrogen fuel cells produce current densities 2-3 
orders of magnitude greater with similar Pt loadings. This is an important consideration for the 
field should one pursue MFC catalyst research. The novel nanofabrication methods used to 
incorporate platinum nanoparticles throughout the electrode are described in this thesis and can 
easily be used as the foundation for further studies with platinum catalysts and or as a framework 
for evaluating the efficient use of other potential catalysts in MFCs.  
 
The influence of carbon-based electrodes on MFC performance was also evaluated by 
electrochemically characterizing the effect of different electrode constituent materials at the 
micro and nano scale (i.e. carbon fibers and graphene-nanoplatelets) using anode-respiring pure 
cultures whose physiologies were well-studied in bioelectrochemical systems. The electrode 
materials provided two different electrode architectures and their morphology was adjusted by 
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changing the size of the constituent material. Given the bacterial physiology of the pure cultures 
(Shewanella oneidensis MR-1 and Geobacter sulfurreducens), MFC results showed that the 
surface morphology of the electrodes plays a role in current production from biofilm-anodes. For 
Shewanella oneidensis MR-1 it was suggested that the tighter spacing of the electrode 
morphology enables both colonization and growth of an anode-respiring biofilm which increased 
current production. For Geobacter sulfurreducens the morphology offered by the larger diameter 
graphene-nanoplatelets enabled better biofilm growth after the initial colonization relative to the 
smaller diameter graphene-nanoplatelets. In both experiments, it was shown for the first time that 
the influence of a carbon-based electrode on MFC current production by S. oneidensis MR-1 and 
Geobacter sulfurreducens extends beyond the typical electrochemical parameters of electron 
transfer kinetics, electron conductivity, and surface area and uniquely includes surface 
morphology. These results expand the understanding of the significance of the abiotic electrode 
on MFC current production and provide the foundation for further study on biofilm formation 
and the optimization of carbon electrode designs to enhance MFC current production.  
 
The study, development and manipulation of bioelectrochemical systems such as microbial fuel 
cells (MFCs) has enabled scientists and engineers to electrochemically “plug” into the bacterial 
metabolism to generate electricity from organic substrates (e.g. wastewater)19, synthesize 
materials/fuels (e.g. microbial electrosynthesis of acetate)173, monitor the remediation of 
radioactive waste (e.g. uranium)174-175, and detect contaminants in the environment (e.g. 
arsenic)176. At the heart of these technologies is the biofilm-electrode in which a bacterial biofilm 
colonizes an electrode/current collector to form a composite material capable of executing the 
aforementioned processes in either a respiratory or oxidative role. Given that the biofilm-
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electrode is the fundamental platform for these applications, it would be important to continue to 
develop the understanding of how nanofabrication methods and electrode materials increase 
MFC current production and manipulate the biofilm-electrode interface. 
 
8.1 FUTURE WORK 
Continuous development for MFCs and bioelectrochemical research will be both fundamental 
and applied. Future fundamental work built upon the experiments with platinum should focus on 
understanding the chemical interaction between the bacterial electron transport mechanism and 
the catalyst. Understanding the chemical interaction will help in minimizing the size of the 
catalyst nanoparticles for current production thus increasing the efficient use of catalysts even 
further. Applied research can focus on using the nanofabrication methods presented above as a 
framework for testing new materials and increasing the efficient use of more inexpensive 
alternatives. 
Future work with carbon materials should continue exploring the connection between biofilm-
electrode formation and electrode surface morphology. It would be important to first correlate 
the size of the constituent material to both biomass on the electrode and current density. After the 
most effective size for increasing current density is selected and the amount of biomass 
consistently produced by this material has been determined, it would be important to understand 
the effect of the spacing between the constituent materials and the ratio of constituent 
interconnections to geometric surface area on the three-dimensional morphology of the biofilm 
and on total biomass. The size of the constituent material, the spacing between the materials and 
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the ratio of constituent interconnections are suggested because they may be able to adequately 
describe the electrode surface morphology in a quantitative form. Moreover, these metrics could 
eventually be the design parameters used in optimizing carbon electrode surface morphologies 
for biofilm-electrode applications.  
From a fundamental perspective, using transcriptomics to see the composition and concentration 
of proteins being expressed during biofilm formation of pure cultures would be important. These 
studies may be able to isolate which proteins signal for and initiate biofilm colonization during 
anode respiration. Subsequently understanding the structure and functions of these proteins could 
then allow for a study that examines how these proteins are inhibited or assisted by the 
electrostatic and hydrophobic nature of carbon electrode surfaces. These studies could provide a 
deeper insight into the rate of colonization and the rate of biofilm growth on carbon-based 
electrodes.       
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APPENDIX A 
 ELECTRODE DESIGN, FABRICATION AND CHARACTERIZATION 
A.1 ELECTRODE FABRICATION 
The design and fabrication of the platinum carbon electrodes took place in the Nanoelectronics 
Device Laboratory (NEDL) and in collaboration with University of Texas-Dallas NanoInstitute 
(UTD) and Sungkyunkwan Advanced Institute of Nanotechnology at Sungkyunkwan University 
in Suwon, South Korea (SKK). The designs of the electrodes vary mainly in catalyst 
concentration and architecture of the carbon substratum. Electrodes were fabricated using the 
following methods:  
  
Electron beam evaporation of platinum onto carbon paper from Toray Industries (NEDL) 
Using commercially available carbon paper (TGPH-120,E-Tek, USA) and an electron-beam 
evaporator (VE-180, Thermionics laboratory inc, USA) a uniform Pt film was deposited with a 
thickness in the range of 1000Å to 250Å following a manual procedure provided by the 
manufacturer. (www.thermionics.com). 
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Fabrication of carbon nanotubes in a sheet via co-deposition with SWNT (UTD)  
Single- wall carbon nanotubes (SWNT) made by the high pressure carbon monoxide (HiPco) 
was be sourced from Unidym Inc. (Sunnyvale, CA). 15 mg of SWNT was be placed in aqueous 
surfactant solution and subjected to probe sonication (Fisher Scientific Model 500) for about 25 
minutes in 5 min cycles. The surfactants used were Triton-X 100 or Pluronic X (Aldrich) and in 
concentrations of approximately 0.1g per 50mL of water. An ice batch was used or the bathwater 
was changed after each cycle to avoid overheating.   
 
The solution was then diluted with one liter of water and decanted. A vacuum filter apparatus 
with a 47mm diameter filter (Millipore, 10-micron MITEX PTFE membrane filters) was used to 
filter the solution.  A 1000 mL of water was passed through the filter until all foam disappeared 
followed by a second 1000 ml solution of 30% methanol. The methanol solutions were dilute to 
prevent a methanol oxygen reaction using nPt as the catalyst. The vacuum filtration apparatus 
was disassembled, and another 10-micron MITEX PTFE membrane filter was placed on top of 
the carbon nanotube sheet to form a “sandwich”. The vacuum apparatus was reassembled and the 
vacuum continually applied for one hour to maintain a flat and uncurled sheet. It is important to 
note that the size and shape of the SWNT sheet prepared in this way is limited only by the size 
and shape of the membrane filter used. It is also important to note that Multi-walled nanotube 
sheets can be fabricated in the same way.  
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Carbon nanofiber mat synthesis (SKKU)  
Pyromellitic dianhydride (PMDA, Sigma Aldrich) and oxydianiline (ODA) was dried in a 
vacuum oven at room temperature. 4g of ODA was dissolved into 21g of DMF solution (99.8%) 
and stored at 5°C. 4.4g of PMDA was added to the mixture and stirred using a magnetic stir bar 
for 30 minutes. 1 wt% of tri-ethly amine (TEA) was added to the sample to form PAA and was 
stored at -5°C to maintain the solution properties.  The synthesized PAA/catalyst solution was 
electrospun into a nanofiber onto a cylinder covered with aluminum foil and placed 15cm from 
the depositing syringe (2cm x 10cm). The PAA nanofiber mat was then converted in polyimide 
(PI) using a process previously described in the literature. The PI nanofiber mat was fired and 
pressed between two plates of alumina under a 3-sccm argon gas flow at 1000°C and maintained 
for 1 hour. This method describes the process of self-fabricating carbon nanofiber sheets 
however, there are also viable commercial products that can be used in its place. 
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A.2 ELECTRODE CHARACTERIZATION 
 
Table A1. Electrode Characterization techniques 
 Technique Objective  Equipment Description 
1 SEM Evaluate catalyst coverage, electrode 
morphology, and biofilm coverage  
 
LEO 1530VP Field emission 
microscope 
2 AFM Confirm the thickness of Pt PSIA Advanced Scanning Probe XE-
100 
3 TEM Examine the distribution of platinum JEOL 2100F TEM/STEM 
5 Conductivity Quantify the change in conductivity Signatone 1160 Series) with Signatone 
probes (Model S-926) and a 
semiconductor device analyzer 
(Agilent Tech B1500A) 
6 Amp-I-t Compare current density of each 
electrode 
CH Instruments 1040A multi- channel  
Potentiostat 
7 CV Compare surface area, electron transfer 
kinetics, and rate respiration on each 
electrode relative to potential 
CH Instruments 1040A multi- channel  
potentiostat 
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Notes:  
SEM = scanning electron microscopy 
AFM = atomic force microscopy 
TEM = transmission electron microscopy 
Amp-It = Amperometric- (I-t curves) 
CV = cyclic voltammetry 
 
These types of characterizations are analogous to those used in determining catalytic effects of 
materials and composites. The SEM, AFM, and TEM microscopes are available in the 
NanoFabrication and Characterization (NFCF) facility at the University of Pittsburgh. 
Additionally, the conductivity of the electrode using a 4-point probe method  
SEM 
SEM was used to provide a micro-level profile of the electrode and a visual inspection of the 
surface area. While surface area analysis permits one to calculate the total surface area of the 
electrode the SEM will reveal how much of it as actually available to the bacteria. In addition, 
inspection of the biofilm-anodes after cultivation in the MFC lets us inspect the network of 
bacteria assembled on the electrode. These networks are a part of the biofilm matrix which is 
essential to operating efficient, high energy producing MFCs. Upon dismantling the MFCs, 
electrode samples (<1cm2) were cut and the biofilm was fixed using a paraformaldehyde solution 
and rinsed with phosphate buffer (0.1M). Electrodes were allowed to dessicate and were then 
imaged.  
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AFM  
AFM was used to determine the thickness of the catalyst layer. AFM may also be used to probe 
connections within the biofilm and potentially between the bacteria and electrode.  Electrodes 
can be sampled before and after MFC operations. Electrodes were cut to ~1mm2 , dried and 
imaged.  Images of dummy wafers were used to monitor the catalyst thickness and the biofilm-
anodes can be prepared similar to SEM samples.    
TEM  
TEM enabled us to determine size, distribution and adhesion of the catalyst at the nanoscale. 
Samples were ground into powders, suspended in ethanol, sonicated, dropped onto a TEM grid 
and then imaged. Cross-sectional images help determine the thickness and adhesion of the 
catalyst on the electrode and plan view images were used to determine the alignment of the 
lattice structures for both catalyst and electrode. Since platinum and carbon have different 
densities and packing orders, electron diffraction images are expected to be distinct. Carbon is 
expected to exhibit an amorphous ring and platinum will exhibit a polycrystalline structure. 
Combining Bright field and Dark field techniques allow one to separate structures that exhibit 
specific orientations. Bright field illustrates all structures and dark field illustrates only those that 
embody specific orientations.  
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Conductivity 
Conductivity of 1cm x 1cm electrode samples were determined using a Probe station (Signatone 
1160 Series) with Signatone probes (Model S-926) and a semiconductor device analyzer (Agilent 
Tech B1500A). Using the standard 4-probe technique we were able to preclude the contact 
resistance from the measurement allowing us a useful and accurate comparison. 
A.3 ELECTRODE EVALUATION 
Ultimately, the experimental setup (MEC, pure culture, single chamber) and evaluation 
techniques control for all relevant parameters that can affect biofilm-anode performance. Each 
electrode is adequately profiled and evaluated so as to account for any changes in performance 
be it electrochemical or physical. From these results we were able to correlate surface catalyst 
loading and physical electrode parameters to MEC performance. These correlations help in 
optimizing electrode designs using e-beam evaporation, provide an insight into the effect of 
composite electrodes on the biofilm-anode, and provide a framework for understanding novel 
materials and or depositions methods. 
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